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The objective of this dissertation research was to evaluate new methods to 
improve the efficiency of traditional bioreactors.  CuSe nanoparticles were synthesized in 
batch reactors using the anaerobic bacteria, C. pasteurianum with the addition of an 
electron shuttle.  In order to improve collection methods, C. pasteurianum was 
immobilized in 2% alginate beads and used to synthesize Pd nanoparticles in a 
continuous batch bioreactor.  The immobilized C. pasteurianum had a comparable 
reduction of the Pd
2+
 ions to the control cultures and showed similar physical and 
catalytic characteristics to those formed in suspended cultures.  The catalytic activity of 
the Pd Nanoparticles was evaluated using azo dye degradation.  C. pasteurianum also 
efficiently reduced high concentrations of Mo
6+
.  Various characterization techniques 
were used to confirm the formation of crystalline metallic Mo nanoparticles.  It also was 
determined that the Nanoparticles acted as an effective catalyst for the degradation of 
MeO and were comparable to Pd Nanoparticles.   
For continuous flow reactors, spherical beads were typically used for 
immobilization due to greater surface area to volume ratios; the rate of diffusion by the 
substrate will be limited by the radius of the sphere.  The use of water-soluble dopants 
was evaluated for use in alginate beads to increase the porosity.  The advantage of water-
soluble dopants was a significant decrease in the startup period and an increase in the 
ethanol yield.  The ethanol production via threads was compared to beads.  Synthesized 
threads were on average 1 mm in diameter.  Threads showed similar ethanol yields 
between vertical and horizontal flow reactors.  The beads showed a decrease in the 
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ethanol yield when the reactor was operated in the horizontal flow direction.  To further 
decrease the size of the immobilization, electrospinning was evaluated.  Electrospinning 
produced micron sized threads.  The immobilized cell reactors were able to obtain a 
maximum ethanol yield of 94.3%.  The reactor was able to maintain a high ethanol yield 
of >90% from day 4 through day 14.  
Overall, this dissertation provides several methods by which productivity, yield, 
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Chapter 1: Introduction 
 Microorganisms are essential to our existence.  They are ubiquitous and represent 
a huge biological diversity in almost all types of environments ranging from the common, 
such as soil, water, and air, to those with extreme conditions, such as extreme 
temperatures [1], acidity [2], pressure [3], or radiation [4].  There is a large diversity of 
microorganisms with a wide range of biological functions.  Some microbial functions 
may be detrimental to life while others support life via the breakdown of complex 
chemicals and compounds that improve nutrient and mineral availability for plants and 
animals [5].  This large diversity of microorganisms can be divided up into six main 
types: Archaea, Bacteria, Fungi, Microbial Mergers, Protista, and Viruses.  When 
microorganisms are used in a controlled environment, they may serve a purpose in 
benefiting mankind.  Microorganisms have been used for centuries in the food industry to 
produce things such as cheese, bread, and alcohol.  The study of microorganisms has led 
to their use in various commercial industries as well. 
 Sewage treatment facilities use a wide range of microorganisms to treat 
wastewater.  These facilities are needed to clean wastewater to prevent disease caused by 
contaminated water as well as minimize environmental impacts such as 
hypereutrophication.  Hypereutrophication occurs when there is a rapid growth in certain 
plants and algae that consume the oxygen from water and creates a state of hypoxia that 
kills other plants and animals living in the waterway [6].  Microorganisms are used in 
these facilities to convert the high levels of nutrients in wastewater, such as nitrogen and 
phosphorus, into biomass.  This nutrient-rich biomass can then be removed and used as 
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fertilizer [7] or as an inexpensive carbohydrate material for the production of other 
products [8].   
Microorganisms or enzymes produced from microorganisms are used to 
manufacture products in industries such as cosmetics, pharmaceuticals, and nutritional 
supplements, as well as additives for foods and feeds such as flavoring and coloring 
agents [9].  The use of microorganisms rather than purely chemical methods offers 
several advantages, as it is often more economically feasible and in many cases the use of 
purely chemical methods would be difficult or impossible to produce [8].   
The use of microorganisms is still being studied even in industries that have been 
around for centuries, such as the production of alcohol.  Some microorganisms have been 
found to degrade or reduce compounds such as azo dyes [10], hydrocarbons [11], and 
heavy metals [12] in processes called biodegradation and bioreduction.  Alternative 
microorganisms, new products, and improved methods are currently being researched to 
expand or improve these industries.  Currently, these processes are typically done through 
the use of batch reactors, that are expensive to produce/operate, large, and slow.  In 
contrast, a continuous flow reactor (CFR) allows for nutrients to be continuously fed to 
the reactor while the final product is continuously harvested.  Thus, a large plant is not 
essential as the product is continuously formed.  In principle, CFRs could offer 
significant advantages compared to traditional batch reactors.  They can help mitigate 
inhibition caused by high concentrations of nutrients and product, in addition to enhanced 
productivity and lower production costs [13-17].  However, current CFRs have lower 
yields than those of the traditional batch reactors [18].  Some of the techniques for 
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improving the production rate of product formation include continuous culturing, cell 
recycling, vacuum distillation, and cellular immobilization [19].   
1.1 Immobilization: 
 To make microorganisms more convenient for use in reactors, cellular 
immobilization is often used [20-23] to make the microorganisms more closely resemble 
ordinary solid-phase catalysts.  Advantages of immobilization over suspended 
microorganisms include the elimination of operations to remove microorganisms [20], 
increased cell density [21], decreased susceptibility to contamination [22], and increased 
operational stability [23].  Although these attributes are beneficial, there are some 
potential disadvantages, including unwanted side reaction [24], contamination by cell 
leakage [25], concentration gradients of the nutrients and products [26], and 
microenvironments [27].  Some of these potential disadvantages can be mitigated through 
careful consideration of the type of immobilization employed, as well as the materials 
and chemicals used.  The methods for immobilization can be broken up into two major 
categories: passive and active [28]. 
1.1.1 Passive immobilization: 
 Passive immobilization makes use of porous materials to house microorganisms 
through adsorption or colonization.  Adsorption is mainly based on the electrostatic 
interactions between the material and the microorganism [29].  Materials that are 
typically used are ion exchange materials such as organic cellulose and synthetic dextran.  
Because there is no use of binding agents or barrier between the cells and the solution, 
this method cannot be used in systems where a cell-free effluent is desired.  Turbulent or 
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high flow rates in reactors can cause the microorganisms to be released from the support.  
The use of adsorption for immobilization has been extensively examined in the field of 
wastewater treatment [7, 8, 30].  Long-term use of adsorbed microorganisms on resin 
beads was shown to be inhibited by excess growth in CFRs [31, 32].  CFRs that use 
passive immobilization are often referred to as immobilized cell reactors (ICR).    
Colonization makes use of porous biomass supports that allow microorganisms to 
diffuse into the matrix.  Once the microorganisms begin to grow, their mobility is 
hindered by the presence of other cells and the matrix and thus the colony is effectively 
entrapped within the matrix.  Colonization has a wide range of materials that can be used 
as supports including polymer foams [33], resins [34], various types of ceramics [35], and 
polymer particles [36].  There are many advantages to colonization as there is no use of 
additional chemicals that may be harmful, the colonized particles are reusable, and the 
mechanical shear durability of the particles.  However, as with the adsorption method, 
microorganisms are not completely separated from the effluent in these systems and there 
will be significant leakage into the reactor from the immobilization media. 
1.1.2 Active immobilization: 
 Active immobilization methods make use of chemical or physical means to 
immobilize cells.  The use of coupling agents to covalently link cells to active supports 
provides a method of immobilization.  The main advantage of covalently bound 
microorganisms is the removal of diffusion limitations as the microorganisms are bound 
to the surface of the supports.  This method of immobilization allows for the formation of 
bound microorganisms that are stable for extended periods of time and also minimizes 
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cell leakage.  However, many coupling agents can damage the microorganisms and 
reduce their activity and viability [24, 37].  To reduce these effects toxic chemical or 
agents are scarcely used. 
 An alternative to covalent coupling is whole cell entrapment.  This method makes 
use of a polymer matrix that encapsulates the microorganisms, preventing their release 
while allowing for the diffusion of nutrients and products.  The polymer matrix applies a 
constant surface force on the microorganism that has been observed to prevent cellular 
reproduction and decrease the chance of cell leakage [38].  This removes the need for 
coupling agents that can harm the microorganisms.  There are various synthetic polymers, 
polysaccharides, and proteins that have been, and are being, studied for use in whole-cell 
entrapment.  Due to these benefits and range of usable polymer matrixes, microbial 
encapsulation is currently being investigated as it enhances microbial handling and 
simplifies process controls [39].  As global demands for economically feasible reactors 
with increased efficiencies have grown, so has the demand for research aimed at 
engineering microbial encapsulation [39-41].  The use of whole-cell entrapment holds 
great promise for the efficient production of ethanol [42] as it has been shown to 
eliminate inhibition caused by high concentrations of nutrients and products [13-15].  
Although a significant amount of the work for whole-cell immobilization has been 
performed for ethanol production, there is research and application of immobilization in 





The increasing rate that known fossil fuel reserves are being depleted is of serious 
concern.  Every year approximately 11 billion metric tons of fossil fuels are consumed, 
and it is estimated that all known oil deposits will be depleted by 2052 [43].  More than 
80% of the primary energy demand of the world is met through the consumption of fossil 
fuels.  Carbon dioxide (CO2), the primary emission from the combustion of fossil fuels, 
makes up more than 90% of all energy-related emissions [43].  In 2013, CO2 accounted 
for about 82% of all U.S. greenhouse gas (GHG) emissions [44].  Carbon dioxide is 
naturally present in the atmosphere as it is a part of the Earth's carbon cycle (the natural 
circulation of carbon among the atmosphere, oceans, soil, plants, and animals).  However, 
combustion of fossil fuels has greatly increased the rate at which CO2 is released into the 
atmosphere, and it is also a major contributor to climate change [45].   
 In 2005, the United Nations signed the Kyoto protocol that is committed to the 
reduction of GHG emissions, including CO2 and many hydrocarbons [46].  To reduce the 
amount of GHG emissions, new alternative energy sources must be developed.  In 2007, 
the U.S. Congress created the Renewable Fuel Standard (RFS) Program in an effort to 
reduce GHGs and expand the nation’s renewable fuels sector while reducing our reliance 
on imported oil [47].  Some of the strategies to reduce GHGs are to improve energy 
efficiencies, increased conservation, carbon sequestration, and development of alternative 
fuels [44].  Improving energy efficiency and maximizing conservation are big areas in 
which GHGs can be reduced.  Production of more energy-efficient buildings, fuel-
efficient vehicles, and more efficient electrical appliances can help to lower energy 
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demand and therefore lower the amount of fossil fuels consumed.  Carbon sequestration 
is an option that allows for the capture of CO2 that could then be released slowly or 
stored.  However, the most effective way to reduce CO2 emissions is to reduce our use of 
fossil fuels in favor of renewable and sustainable energy sources.  The development and 
implementation of more efficient bioreactors would allow for reduced emissions and 
fossil fuel consumption [48]. 
Biofuels are a biologically generated energy source that hold immense potential 
for sustainable resources to meet our energy needs while minimizing environmental 
impacts [49, 50].  Ethanol is a naturally produced fuel that has a gasoline gallon 
equivalency of 0.7 and has a higher octane number that results in a complete fuel 
combustion, reducing harmful tailpipe emissions [51].  Ethanol was originally thought to 
be the fuel of choice before gasoline became so readily available [51].  Blending ethanol 
with gasoline has reduced GHG emissions and also reduced tailpipe emissions of other 
types of pollutants, such as benzene and fine particulate matter [52].  Ethanol is a 
renewable fuel, and despite CO2 being emitted during its production and combustion, it is 
better for the environment than traditional fossil fuels because the CO2 that is released is 
recycled through the production of the feedstock.  The feedstock, made from plants that 
have simple sugars, is converted to ethanol through a biological process called 
fermentation.  There has been significant focus on the production of ethanol using 
microbes to help meet the RFS [53].    
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1.2.1 Current production of ethanol: 
In 2014, the addition of ethanol to fuels had reduced GHG emissions by 39.6 
million tonnes [52].   It is estimated that the United States produced 14.3 billion gallons 
of fuel-quality ethanol in 2014, which is a 781.6% increase in production from 2000, and 
production of ethanol is expected to continue to increase [52].  The U.S. currently has 
213 ethanol biorefineries, and 3 additional biorefineries currently under construction or 
expansion [52].  These refineries all operate using batch-based reactors, or fermenters, 
that allow for large collection volumes and high yields [54].  However, batch-based 
processes have long processing times, because the reactor must be cleaned before a new 
batch is started, and then the microorganism of choice must be allowed to grow before 
ethanol production can occur.  The reactors also require large areas and are costly to 
construct and maintain [54-57].  Due to these problems, there is significant research 
being conducted to improve ethanol production.  Although CFRs have lower yields than 
batch reactors, they are capable of higher production rates that are needed to meet the 
demand for fuel-quality ethanol.  Improving the yield of CFRs is needed for CFRs to be 
implemented for commercial production.   
1.2.2 Theory of ethanol production: 
A wide range of microorganisms have been studied for their ethanol tolerance, 
metabolism of different sugars (cellulose, xylose, fructose, etc.), secondary metabolites, 
and environmental conditions.  Table 1.1 shows a list of microorganisms that have been 
studied for their ethanol yield based on the theoretical maximum of the sugar.  
Metabolizing multiple types of sugars is difficult for microorganisms, although, gene 
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manipulation has been studied as a means of producing microorganisms that can [23].  
Environmental conditions are also a large concern as chemicals or compounds in the feed 
source could inhibit the ethanol production.  The temperature of the reactor and high 
concentrations of the sugar or product can also inhibit the microorganism’s ability for 
ethanol production.  Glucose is primarily the sugar of choice as it is the fastest to be 
metabolized by microorganisms. 
For the conversion of glucose to ethanol, the stoichiometry can be shown by the 
following chemical reaction: 
              C6H12O6  2 CH3CH2OH + 2 CO2                   Equation 1.1 
Using the above chemical reaction, a theoretical maximum for the conversion of 
glucose to ethanol can be calculated on a mass basis: 
       
                             
                          
 
       
      
                      Equation 1.2 
This theoretical maximum, however, is never obtained because a portion of the 
pyruvate formed through glycolysis is used in the tricarboxylic acid (TCA) cycle to 
generate additional cellular energy.  The TCA cycle leads to the oxidative 
phosphorylation pathway.  These two metabolic pathways, the TCA cycle, and the 
oxidative phosphorylation pathway, will produce additional cellular energy [62].  Yeast 
strains are capable of an efficiency of 90-92% [58-60] however, in slow fermenters dry 
activated distillers yeast (DADY) has shown to be able to achieve 95% [61].  Because of 
the additional cellular energy, the theoretical maximum can be used to calculate the 
efficiency of the microorganism in a system by the formula below:   
       
                         
                                                
     = efficiency %       Equation 1.3 
10 
 
Table 1.1: Comparison of microorganism ethanol yield based on the type of sugar. 
Microorganism Sugar Max yield Ref. 
Caloramator boliviensis Xylose 91.62% [63] 
Candida shehatae Xylose 88% [64] 
Clostridium AK2 
Glucose 75% [65] 
Xylose 50.90% [65] 
Clostridium thermocellum Glucose 76.50% [66] 
Clostridium thermohydrosulfuricum Glucose 70.5-95% [67] 
Clostridium thermosaccharolyticum 
Glucose 94% [68] 
Xylose 76% [69] 
Erwinia chrysanthemi Xylose 42-86.6% [70] 
Escherichia coli 
Glucose 95% [71] 
Lactose 80% [71] 
Xylose 96% [72] 
Fusarium oxysporum 
Glucose 80.20% [73] 
Cellulose 89.20% [73] 
Xylose 48% [73] 
Klebsiella planticola Xylose 77.80% [74] 
Kluyveromyces lactis 
Glucose 90% [75] 
Lactose 90% [75] 
Monilia sp Xylose 42.97% [76] 
Neurospora crassa 
Cellulose 60-90% [77] 
Xylose 65% [77] 
Pachysolen tannophilus Xylose 62.50% [64] 
Paecilomyces lilacinus 
Glucose 66.75-89.75% [78] 
Xylose 67.25-76.55% [78] 
Paecilomyces sp Xylose 76% [79] 
Pichia stipitis 
Glucose 64.50% [80] 
Xylose 93.75% [81] 
Saccharomyces cerevisiae 
Glucose 90-92% [58] 
Lactose 60% [82] 
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Microorganism Sugar Max yield Ref. 
Saccharomyces cerevisiae Xylose 11% [83] 
Schizosaccharomyces Pombe Xylose 80% [84] 
Thermoanaerobacter AK5 
Glucose 85% [85] 
Xylose 80.84% [85] 
Thermoanaerobacter ethanolicus 
Glucose 60-90% [86, 87] 
Xylose 74-84% [87, 88] 
Thermoanaerobacter J1 
Glucose 85% [89] 
Xylose 75.85% [89] 
Thermoanaerobacter mathranii Xylose 82.04% [90] 
Thermoanaerobacter pentosaceus Xylose 83.23% [91] 
Thermoanaerobacterium AK17 
Glucose 75% [92] 
Xylose 79.64% [92] 
Thermoanaerobacterium saccharolyticum Xylose 70.66% [93] 
Zymomonas mobilis 
Glucose 97% [94] 
Xylose 86% [95] 
 
1.2.3 Organisms of choice: 
Although a wide variety of microorganisms has been studied for their ability to 
produce ethanol, the most frequently used microorganisms for fermenting ethanol in 
industrial processes is the common yeast, Saccharomyces cerevisiae [96].  Yeasts are 
eukaryotic microorganisms that are found on plants, fruits, and grains and have played an 
important role throughout human history [62].  Yeasts have been and are still widely used 
today for the production of bread, alcoholic beverages (beer, wine, and spirits), and 
nutritional supplements [97].  They have also been used in bioremediation [98] and 
industrial ethanol production [99], although different species of yeast are selected 
depending on the intended purpose.  The type of species used can have an effect on the 
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growth, product, and byproducts.  The most common strain used in the production of 
ethanol is known as “Brewer’s Yeast.”  
Yeasts use the well-known Embden-Meyerhof-Parnas (EMP) pathway, also 
known as glycolysis, for the conversion of glucose to pyruvate [62].  This process 
produces cellular energy in the form of adenosine triphosphate (ATP) that is used for 
complex cellular reactions and processes.  Glycolysis uses ATP molecules to convert 1 
glucose molecule to 2 molecules of 1,3-bisphosphoglycerate.  The conversion of each 
molecule of 1,3-bisphosphoglycerate to pyruvate yields 2 ATPs.  Thus, for each glucose 
molecule, 2 ATPs are consumed to produce 4 ATPs and 2 pyruvates.  The pyruvates are 
then converted to acetyl coenzyme A (acetyl-CoA) that can be used in the TCA cycle or 
converted to ethanol and CO2.  Because of these characteristics, S. cerevisiae was chosen 
as an organism of interest for the design and optimization of an ICR for the production of 
bioethanol. 
An alternative microorganism Zymomonas mobilis is a bacteria that also produces 
ethanol from glucose [100].  Z. mobilis is a gram-negative bacterium that does not use 
glycolysis, but instead, uses the Entner-Doudoroff (ED) pathway.  The ED pathway 
occurs only in prokaryotes and produces half the amount of cellular energy as glycolysis.  
This allows for an increased production of ethanol, approximately three to five times 
faster per cell and at higher yields, which equates to less residual biomass as there is less 
cell proliferation [58].  In the ED pathway, glucose is converted to 2-dehydro-3-deoxy-ᴅ-
gluconate-6P consuming 1 ATP.  The 2-dehydro-3-deoxy-ᴅ-gluconate-6P is then cleaved 
by the enzyme P-2-keto-3-deoxy-gluconate aldolase to produce 1 pyruvate and 1 
glyceraldehyde-3-phosphate.  The conversion of the glyceraldehyde-3-phosphate to 
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pyruvate produces 2 ATPs.  Z. mobilis converts more of the pyruvates to ethanol because 
it has an incomplete TCA cycle [101] that limits the amount of cellular energy available 
for replication.  When Z. mobilis is grown using glucose, it produces minimal byproducts 
when compared to yeast [102].  This makes it possible for Z. mobilis to have ethanol 
yields that approach 97% [94].  Due to its high ethanol production, Z. mobilis also has an 
increased tolerance to ethanol, surviving in media with 20% ethanol compared to S. 
cerevisiae, which has a tolerance of 8% [103].  Z. mobilis is also capable of metabolizing 
xylose with a higher yield than S. cerevisiae.  Although Z. mobilis is unable to utilize 
other sugars such as lactose, maltose, or cellobiose [104], through the use of gene 
manipulation techniques Z. mobilis has been shown to be able to utilize lactose [105].  
Because of these characteristics, Z. mobilis was chosen as an organism of interest for the 
design and optimization of an ICR for the production of bioethanol. 
1.2.4 Microbial growth: 
The theoretical maximum may never be achieved due to the fact that 
microorganisms will use some of the pyruvate products in the TCA cycle to produce 
more ATPs that are necessary for cellular reproduction.  An understanding of the growth 
patterns of microorganisms is needed to minimize the necessity for reproduction.  The 
growth pattern of microorganisms can be modeled with four different phases of growth: 




Figure 1.1: The four-phase pattern of population growth for microbial cultures 
 
During the lag phase, microorganisms are adapting to the growth conditions of the 
media.  Individual microorganisms are maturing and not yet able to reproduce.  The next 
phase of growth is the log phase or exponential phase, so named because the rate of 
population doubles with each consecutive time period.  In this phase, microorganisms 
spend large amounts of cellular energy for reproduction as cells multiply at the maximum 
rate.  The exponential growth continues until one of two things happens: (1) one or more 
nutrients in the medium becomes exhausted or (2) inhibitory metabolic products 
accumulate and inhibit growth.  This starts the stationary phase, where the microbial 
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population is stationary as the growth rate slows to match the death rate [106].  Although 
the net growth rate is zero during this phase, the cells are still metabolically active and 
typically produce more secondary or non-growth related metabolites, such as ethanol 
[107, 108].  Primary metabolites are growth-related products, such as those that come 
from the TCA cycle and oxidative phosphorylation pathway.  As nutrients in the medium 
become exhausted, cell death exceeds cell growth and the death phase begins.  However, 
some living microorganisms use the breakdown products of dead microorganisms as 
nutrients and remain viable.  This causes the slow decline in the cell population.  As time 
progresses the cell death rate increases resulting in a net decrease in population.   
To enhance the performance of a CFR, it must be designed so that the 
microorganisms remain in the stationary phase of growth where the secondary 
metabolite, ethanol, has a higher production rate.  One method used to maintain the 
stationary phase is the use of additives, such as growth inhibitors [106].  However, the 
use of additives can be expensive over long durations and cause unwanted side effects 
such as decreased production rate and yield.  This is because additives often stress/strain 
the microorganism, which slows metabolism and can cause the formation of byproducts.  
The use of immobilization techniques is the preferred method for use in CFRs as there is 
minimal stress/strain applied to the microorganisms and reduces the chance of byproduct 
formation [109].  However, the use of immobilization does reduce the product yield and 




There are 1,200 contaminated sites are on the national priority list, and more than 
32,000 additional potential sites [110].  These sites contain contaminated soil, 
groundwater, and sediments that generally resulted from past industrial activities.  This 
problem is worldwide, and there are international efforts to remedy contaminated sites to 
reduce the risk of adverse health or environmental effects or reuse the sites for 
development [111].  Conventional techniques, such as containment or removal of 
material, are only interim solutions.  Other methods require incineration or chemical 
decomposition of contaminates.  The challenges of these remediation techniques are 
complex, uneconomical, and pose significant risks to the environment as well as the 
health of workers and the public.   
An alternative method, known as bioremediation, is the use of either naturally 
occurring or introduced microorganisms to consume and break down contaminates at the 
site.  This method is economical and has low risks.  However, the implementation of 
bioremediation is complex as it must address heterogenous environments in which the 
contaminant may be present in association with the soil particles or dissolved in soil 
liquids.  For bioremediation to be successful, the right microorganism must be used in the 
right place with the right environmental factors for degradation to occur.  Bioremediation 
methods can, therefore, be broadly classified as ex situ and in situ.  Ex situ methods 
require the physical removal of the contaminated material before it can proceed through a 
treatment process.  In situ methods are able to treat the contaminated material in place.  
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Because of these complexities, bioremediation is an interdisciplinary method that 
involves microbiology, engineering, ecology, geology, chemistry and others. 
1.3.1 Biodegradation: 
Microorganisms have many unique metabolic pathways that play an important 
role in the carbon cycle.  Several complex hydrocarbons, such as petroleum products, 
fuels, complex organic chemicals, and synthetic polymers, can remove carbon from the 
carbon cycle as these compounds are often not easily degraded by majority of 
microorganisms.  However, further research into microbial degradation has found several 
microorganisms that are able to degrade certain complex mixtures of hydrocarbons [112].  
The novel bacteria, Ideonella sakaiensis, was found to be able to degrade the most 
common thermoplastic, poly(ethylene terephthalate) (PET).  I. sakaiensis is able to 
hydrolyze PET into two environmentally benign monomers, terephthalic acid and 
ethylene glycol [11].  However, these processes are slow and are affected by a number of 
physico-chemical environmental parameters, including energy sources (electron donors), 
electron acceptors, nutrients, pH, temperature, and inhibitory substrates or metabolites.   
Environmental conditions can be broken into two types: aerobic and anaerobic.  
Aerobic environments are those that have oxygen present, while anaerobic environments 
do not have oxygen present.  Microorganisms in aerobic environments are often able to 
degrade pesticides, hydrocarbons, alkanes, and polyaromatic compounds.  Many of these 
compounds are used as the sole source of carbon and energy for the microorganism.    
Microorganisms that are only able to thrive in anaerobic environments are not typically 
used.  However, there is a growing interest in the use of anaerobic microorganisms as 
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these microorganisms are able to degrade a wide range of compounds, such as complex 
hydrocarbons, phenols, pyrimidines, purines, chlorobenzenes, polychlorinated biphenyls 
(PCBs), trichloroethylene (TCE), and chloroform [113].   
If the substrate of interest can be used as an energy source by the microorganism, 
it is considered to undergo primary metabolism.  However, one of the main variables 
affecting the activity of the microorganism is the ability and availability of reduced 
organic materials to serve as energy sources.  Typically, higher oxidation states 
correspond to a lower energy yield, which reduces the energetic incentive for a 
microorganism to degrade the substrate of interest.  If it is not a primary metabolite, it is 
considered a secondary or co-metabolite, and in general, this process is slower and 
requires an electron acceptor (catabolic enzyme).  Anaerobic microorganisms typically 
degrade compounds as a secondary or co-metabolite as they are able to take advantage of 
a range of electron acceptors, which can include NO3
-
, Fe, Mn, SO4
-2
, and CO2 [114]. 
1.3.2 Bioreduction and biosorption: 
 In addition to degrading complex chemical compounds, microorganisms are able 
to bind some transition metal ions in biomass, known as biosorption, or use some 
transition metals as an electron acceptor, thereby reducing the oxidative state of the 
metallic ion, known as bioreduction.  These reactions sometimes occur for the 
microorganisms’ benefit by reducing any detrimental effects that the transition metal may 
have on the microorganism [115].  Biosorption and bioreduction can occur in 
combination or alone.  Some metals, including sodium, potassium, calcium, and 
magnesium, play an essential role in microorganisms as a micronutrient.  Other metals, 
19 
 
such as silver, cadmium, lead, and mercury, have no defined biological roles and can 
exert potential toxicity to the microorganisms. 
Metals that are used as substrates in biosorption or bioaccumulation are usually 
classified in the following three categories: toxic metals (such as Hg, Cr, Pb, Zn, Cu, Ni, 
Cd, As, Co, Sn, etc.), precious metals (such as Pd, Pt, Ag, Au, Ru, etc.), and 
radionuclides (such as U, Th, Ra, Am, etc.) [116, 117].   The mechanism involved in 
metal biosorption is not completely understood [116], although previous studies suggests 
that biosorption occurs through ion exchange or binding to functional groups both outside 
and inside the cell [117].  The mechanism for ion exchange occurs because many divalent 












, are structurally quite 
similar.  The same is true for oxyanions, such as chromate and arsenate, which resemble 
that of sulfate and phosphate, respectively.  Studies have also shown that there are several 
mechanisms in which both biosorption and bioreduction of heavy metals occur, 
including ion exchange-redox reactions, intracellular sequestration, and extracellular 
sequestration [118]. 
Some metal ions can penetrate through the microbial cell membrane, where they 
can interact with the cellular proteins, enzymes, and the DNA of the cell.  This can lead 
to alterations to the cellular structure and functionality, as well as cellular toxicity.  To 
prevent this, reduction to different ionic states has been used to change the nature of the 



















[119].  In most cases, the 
bioreduction forms metal oxides or compounds; however, in some cases the complete 
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reduction to a metallic state is energetically favorable.  This can lead to the formation of 
NPs and microparticles. 
1.3.3 Biosynthesis of metallic NPs: 
Biosynthesis has gained interest as a relatively simple, cheap, and 
environmentally friendly method for the production of NPs [120].  Biosynthesized NPs 
involve the reduction of transition metals, such as Pd, Au, and Fe, through biochemical 
processes, including biosorption and bioreduction [121, 122].  A wide range of 
microorganisms are capable of producing NPs [123].  Table 1.2 shows 165 
microorganisms that have been found to synthesize NPs.  The majority of the metal 
particles that were formed were from the precious metals group (Ag, Au, Pd, and Pt), 
however some microorganisms were found to produce a nonmetal (Se) and a metalloid 
(Te) NPs.  Of these microorganisms, only two were able to produce Cu NPs, and only 
one was able to form Ni NPs.   
Research in nanotechnology has significantly increased due to the wide range of 
applications of NPs.  The functionality of NPs depends on their properties, which in turn 
depends upon the synthesis conditions [124].  In addition to being simpler, more 
economical, and more environmentally friendly than conventional chemical production 
methods, biosynthesized NPs are superior in several ways.  First, the majority of 
microorganisms are able to inhabit ambient conditions of temperature, pH, and pressure.  
Second, biosynthesized NPs have been shown to have higher catalytic reactivity and 
greater specific surface area compared to NPs synthesized through chemical methods 
[125, 126].  Third, biosynthesized Pd NPs have been shown to be effective catalysts in 
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bioremediation [121, 127].  These Pd NPs have been shown to enhance the rate of 
chromate reduction [121, 127] as well as the degradation rate of azo dyes [128, 129]. 
Table 1.2: Comparison of biosynthesized metallic NPs and their average size. 
Microorganism Element Size (nm) Ref. 
Acetobacter xylinum Ag 8 [130] 
Acinetobacter sp. Au 20 ± 10 [131] 
Aeromonas sp. Ag 6.4 [132] 
Alternaria alternata Ag 20-60 [133] 
Alteromonas macleodii Ag 70 [134] 
Anabaena flos-aquae 
Ag 25-40 [135] 
Au 12-25 [135] 
Arthrobacter kerguelensis Ag 4.2-26.1 [136] 
Arthrobacter gangotriensis Ag 3.6-22.8 [136] 
Aspergillus flavus Ag 8.92 ± 1.61 [137] 
Aspergillus fumigatus Ag 5-25 [138] 
Aspergillus nidulans Ag 13-74 [139] 
Aspergillus niger Ag 3-30 [140] 
Bacillus amyloliquefaciens Ag 14.6 [141] 
Bacillus cecembensis Ag 2.8-18.2 [136] 
Bacillus cereus 
Ag 4-5 [142] 
Cu 11-33 [143] 
Bacillus flexus Ag 12-65 [144] 
Bacillus indicus Ag 2.5-13.3 [136] 
Bacillus licheniformis Ag 40 [145] 
Bacillus megatherium 
Au <2.5 [146] 
Se 200-300 [147] 
Bacillus selenitireducens 
Se 200-400 [148] 
Te 10 by 200 [149] 
Bacillus safensis Ag 5-95 [150] 
Bacillus sp. Ag 5-15 [151] 
Bacillus stearothermophilus Au 5-30 [152] 
Bacillus subtilis 
Ag 6.1 [153] 
Au 7.6 [153] 
Bacteroides vulgatus Pd ND* [154] 
Bifidobacterium sp. Se 400-500 [155] 
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Microorganism Element Size (nm) Ref. 
Brevibacterium casei 
Ag 10-50 [156] 
Au 10-50 [156] 
Calothrix pulvinata 
Ag 10-15 [135] 
Au 5-6 [135] 
Pd 3.5-10 [135] 
Pt 3 [135] 
Chaetomorpha linum Ag 3-44 [157] 
Chlamydomonas reinhardtii 
Ag 5-35 [158] 
Au 10-20 [159] 
Chlorella vulgaris 
Ag <30 [160] 
Au ND* [161] 
Chondrus crispus Au 30-50 [162] 
Citrobacter braakii Pd ND* [154] 
Cladosiphon okamuranus Au 8-10 [163] 
Cladosporium cladosporioides Ag 10-100 [164] 
Clostridium butyricum Pd ND* [154] 
Clostridium pasteurianum Pd 11.8 [121] 
Codium capitatum Ag 3-44 [165] 
Colletotricum sp. Au 20-40 [166] 
Colletotrichum gloeosporioides Ag 13-74 [139] 
Colpomenia sinuosa Ag 54-65 [167] 
Coriolus versicolor Ag 25-75 [168] 
Corynebacterium glutamicum Ag 5-50 [169] 
Corynebacterium sp. Ag 10-15 [170] 
Cosmarium impressulum Au 4-12 [171] 
Cryptococcus laurentii Ag 35 [172] 
Cylindrocladium floridanum Au 5-35 [173] 
Desulfovibrio desulfuricans 
Au 5-50 [174] 
Pd 50 [175] 
Desulfovibrio desulfuricans Se <200 [176] 
Desulfovibrio vulgaris Au ND* [177] 
Diadesmis gallica Au 22 [178] 
Enterobacter cloacae Ag 50-100 [179, 180] 
Enterococcus faecium Pd ND* [154] 
Escherichia coli 
Ag 50 [181] 
Au 20 [182] 
Pd <50 [183] 
Se 16-20 [184] 
Euglena gracilis Ag 6-60 [185] 
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Microorganism Element Size (nm) Ref. 
Euglena gracilis Au 9-11 [171] 
Euglena intermedia Ag 6-60 [185] 
Exiguobacterium mexicanum Ag 5-40 [186] 
Fucus vesiculosus Au ND* [187] 
Fusarium acuminatum Ag 13 [188] 
Fusarium oxysporum 
Ag 10-25 [189] 
Au 20-40 [190] 
Cu 93-115 [191] 
Pt 40-60 [192] 
Fusarium semitectum Ag 10-60 [193] 
Fusarium solani Ag 16.23 [194] 
Galaxaura elongata Au 3.85-77.13 [195] 
Gelidiella acerosa Ag 22 [196] 
Geobacillus sp. Au 5-50 [197] 
Geobacter sulfurreducens 
Au ND* [198] 
Pd 14-25 [199] 
Geovibrio ferrireducens Au ND* [198] 
Gracilaria corticata 
Ag 18-46 [200] 
Au 45-57 [201] 
Gracilaria edulis Ag 35 [202] 
Halococcussalifodinae Ag 12 [203] 
Hypocrea lixii Cu 24.5 [204] 
Idiomarina sp. Ag 25 [205] 
Kirchneriella lunaris Au 6 [206] 
Kjellamaniella crassifolia Au 8-10 [163] 
Klebsiella pneumonia 
Ag 1-6 [207] 
Au 35-65 [208] 
Pd ND* [154] 
Se 100-550 [155] 
Klebsormidium flaccidum Au 9 [209] 
Lactobacillus sp. 
Au 20-50 [210] 
Ag 15-500 [210] 
Lactobacillus acidophilus Se 50-500 [155] 
Lactobacillus casei 
Ag 25-50 [211] 
Se 50-500 [155] 
Laminaria japonica Au 15-20 [212] 
Leptolyngbya foveolarum Au 6 [135] 
Lyngbya majuscula Au <20 [213] 
Marinobacter pelagius Au 10 [214] 
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Microorganism Element Size (nm) Ref. 
Microcoleus sp. Ag 44-79 [215] 
Morganella sp. Ag 20 ± 5 [216] 
Morganella morganii Cu 15-20 [217] 
Morganella psychrotolerans Cu 15-20 [217] 
Navicula atomus Au 9 [178] 
Neurospora crassa 
Ag 11 [218] 
Au 32 [218] 
Nocardiopsis sp. Au 45 [219] 
Oscillatoria willei Ag 100-200 [220] 
Padina gymnospera 
Ag 25-40 [221] 
Au 53-67 [222] 
Padina pavonica Ag 10-72 [223] 
Penicillium sp. Au 30-50 [224] 
Penicillium brevicompactum Ag 23-105 [225] 
Penicillium fellutanum Ag 5-25 [226] 
Phaenerochaete chrysosporium Ag 5-200 [227] 
Phoma glomerata Ag 60-80 [228] 
Phormidium tenue Au 15 [229] 
Phormidium valderianum Au 8-25 [229] 
Pichia capsulate Ag 50-100 [230] 
Pichia jadinii Au 10-100 [231] 
Plectonema boryanum 
Ag 1-10 [232] 
Au 10-25 [233] 
Pd 30 [234] 
Pt 30-300 [235] 
Pseudokirchneriella subcapitata Au 20-80 [236] 
Pseudomonas aeruginosa 
Ag 50-85 [237] 
Au 15-30 [238] 
Ni 2.9 [239] 
Pd 22.1 [239] 
Pt 450 [239] 
Rh 2.1 [239] 
Ru 8.3 [239] 
Pseudomonas aeruginosa Se ND* [240] 
Pseudomonas antarctica Ag 3.4-33.6 [136] 
Pseudomonas fluorescens 
Ag 85.46 [241] 
Au 50-70 [242] 
Pseudomonas meridiana Ag 2.2-21.5 [136] 
Pseudomonas proteolytica Ag 2.8-23.1 [136] 
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Microorganism Element Size (nm) Ref. 
Pseudomonas putida Ag 70 [243] 
Pseudomonas stutzeri Ag <200 [244] 
Pseudomonas stutzeri 
Cu 50-150 [245] 
Se 300-1000 [246] 
Te <10 [246] 
Pseudomonas sp. Ag 20-100 [247] 
Pyrobaculum islandicum Au ND* [198] 
Pyrococcus furiosus Au ND* [198] 
Rhizopus nigricans Ag 13-74 [139] 
Rhizopus stolonifer Ag 3-20 [248] 
Rhodobacter capsulatus Au <500 [249] 
Rhodococcus sp. Au 5-15 [250] 
Rhodopseudomonas sp. Ag 6-10 [251] 
Rhodopseudomonas capsulata Au 10-20 [252] 
Rhodospirillum rubrum Se ND* [253] 
Rhodotorula glutinis Ag 15 [172] 
Saccharomyces cerevisiae Au 100 [254] 
Sargassum cinereum Ag 45-76 [255] 
Sargassum ilicifolium Ag 33-40 [256] 
Sargassum longifolium Ag 30 [257] 
Sargassum wightii 
Ag 8-27 [258] 
Au 8-12 [259] 
Scenedesmus sp. Ag 5-10 [260] 
Sclerotium rolfsii Au 25 [261] 
Serratia nematodiphila Ag 10-31 [262] 
Serratia sp. Cu/Cu2O/Cu4O3 10-30 [263] 
Selenihalanaerobacter shriftii Se 200-400 [148] 
Shewanella sp. Se 181 [264] 
Shewanella algae 
Ag 5-30 [265] 
Au 10-20 [266] 
Pt 5 [267] 
Shewanella oneidensis 
Ag 2-11 [268] 
Au 2-50 [269] 
Shewanella oneidensis 
Pd 5-10 [270] 
Se 50 [271] 
Spirulina platentis 
Ag 7-16 [272] 
Au 6-10 [272] 
Se ND* [177] 
Spyrogira insignis Ag 30-50 [162] 
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Microorganism Element Size (nm) Ref. 
Spyrogira insignis Au 30 [162] 
Staphylococcus aureus Ag 160-180 [273] 
Stenotrophomonas sp. 
Ag 40-60 [274] 
Au 10-50 [274] 
Stenotrophomonas maltophilia Se ND* [275] 
Stoechospermum marginatum Au 18.7-93.7 [276] 
Streptococcus thermophilus Ag 28-122 [277] 
Streptomyces hygroscopicus 
Ag 20-30 [278] 
Au 10-20 [279] 
Streptomyces sp. Au 5-50 [280] 
Sulfurospirillum barnesii 
Se 200-400 [148] 
Te 50 [149] 
Synechocystis sp. Au 13 [281] 
Tetrathiobacter kashmirensis Se ND [282] 
Tetraselmis suecica Au 79 [283] 
Thermomonospora sp. Au 8-10 [284] 
Thermotoga maritima Au ND [198] 
Thraustochytrium sp. Ag 50-100 [285] 
Trichoderma asperellum Ag 13-18 [286] 
Trichoderma viride Ag 5-40 [287] 
Trichothecium sp. Au 5-200 [288] 
Turbinaria conoides 
Ag 2-17 [289] 
Au 6-10 [290] 
Ulva fasciata Ag 28-41 [291] 
Ulva intestinalis Au 15 [229] 
Ulva lactuca Ag 50 [292] 
Ureibacillus thermosphaericus Ag 10-100 [293] 
Urospora sp. Ag 20-30 [294] 
Verticillium luteoalbum Au <10 [295] 
Verticillium sp. Ag 25 [296] 
Verticillium sp. Au 20 [297] 
Vibrio alginolyticus Ag 50-100 [298] 
Volvariella volvacea Ag 15 [299] 
Volvariella volvacea Au 20-150 [299] 
Yarrowia lipolytica Au 15 [300] 
Yeast strain MKY3 Ag 2-5 [301] 
        *ND: Not disclosed 
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1.3.4 Biosynthesized nanoparticle compounds: 
 The production of biosynthesized NP compounds with different sizes and shapes 
are of great interest for their applications in the field of optical devices, electronics, 
biomedicine, and biotechnology [302].  Semiconductor NPs compounds in particular 
offer unique optical and electrical properties that have greater stability than synthetically 
produced NPs [303].  Synthetic methods also experience problems with control of the 
crystal growth and aggregation of the particles [304].  Table 1.3 shows a variety of 
microorganisms that have been found to produce nanoparticle compounds.  The majority 
of these microorganisms are able to form NPs with a small deviation in size.  This 
observation is important in the application of these nanoparticle compounds.  The 
biosynthesis of these compounds can be difficult due to the use of highly toxic metals, 
such as Cd, As, Hg, and Cu.   
Table 1.3: Comparison of biosynthesized NP compounds and their average size. 
Microorganism Compound Size (nm) Ref. 
Acinetobacter sp. Fe-S 5-7 [305] 
Bacillus cereus CdS 30-100 [302] 
Bacillus licheniformis CdS 4.6-5.6 [306] 
Bacillus subtilis CdS 2.5-5.5 [307] 
Brevibacterium casei CdS 10-30 [308] 
Candida glabrata CdS 2 [309] 
Chizosaccharomyces pombe CdS 1-1.5 [303] 
Clostridiaceae sp. Bi2S3 100 [310] 
Clostridium acetobutylicum Bi2S3 6-500 [311] 
Clostridium thermoaceticum CdS 50 [312] 
Coriolus versicolor CdS 8-15 [304] 
Desulfobacteriaceae sp. ZnS 2-5 [313] 
Desulfotomaculum auripigmentum As-S 50-100 [314] 
Desulfovibrio desulfuricans ZnS 20-30 [315] 
Enterobacter sp. Hg3(PO4)2 2-5 [316] 
Escherichia coli CdS 2-5 [317] 
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Microorganism Compound Size (nm) Ref. 
Escherichia coli CdTe 2-3 [318] 
Fusarium oxysporum 
CdSe 9-15 [319] 
CuS 2-5 [320] 
ZnS 42 [321] 
Klebsiella aerogenes CdS 20-200 [322] 
Klebsiella pneumonia 
CdS 10-25 [323] 
ZnS 65 [323] 
Lactobacillus acidophilus CdS 2.5-5.5 [307] 
Magnetotactic bacteria Fe3S4, FeS4 7.5 [324] 
Phaenerochaete chrysosporium CdS 1.5-2 [325] 
Phormidium tenue CdS 5 [326] 
Pseudomonas fragi CdS 10-40 [327] 
Pseudomonas limi CdS 10-40 [327] 
Pseudomonas stutzeri Ag2S <200 [328] 
Rhodobacter sphaeroides ZnS 8 [329] 
Rhodopseudomonas palustris CdS 8 [330] 
Rhodosporidium diobovatum PbS 2-5 [331] 
Saccharomyces cerevisiae 
CdS 2.5-5.5 [332] 
ZnS 30-40 [333] 
Schizosaccharomyces pombe CdS 1.8 [309] 
Serratianematodiphila ZnS 80 [334] 
Shewanella sp. AsS 20-100 [335] 
Shewanella oneidensis Ag2S 5.5-12.5 [336] 
Thermoanaerobacter ZnS 2-10 [337] 
Torulopsis sp. PdS 2-5 [338] 
Trichoderma harzianum CdS 3-8 [339] 
1.4 Project Overview: 
 Bioreactors are generally operated in batch mode, which are slow in terms of time 
and expensive in terms of capital costs. The focus of this dissertation is to improve these 
processes to reduce time and cost. A schematic overview of this dissertation is shown in 




Figure 1.2: The flow of experiments for improving the production of NPs and biofuels.  
30 
 
Chapter 2: Methods and materials 
Deionized water (DiH2O) was used throughout this study.  All reagents were of 
analytical grade or better.   
2.1 Microbial culture and growth medium: 
C. pasteurianum strain BC1 (ATCC No. 53464) was cultured in sterilized media 
containing (g/L): glucose, 5; NH4Cl, 0.5; glycerol phosphate, 0.3; MgSO4 • 7H2O, 0.2; 
CaCl2 • 2H2O, 0.5; peptone, 0.1; and yeast extract, 0.1.  The pH of the media was 
adjusted to 6.8 using a 1 M NaOH solution.  Media was then deaerated by boiling for 15 
min while purging the media with nitrogen.  They were then cooled to room temperature 
using a conventional water bath during which the nitrogen purging was maintained.  The 
media were then transferred to an anaerobic chamber.  Once inside the anaerobic 
chamber, 6.25 mL of a 1.6 mM FeSO4•7H2O solution was added to the media and pH 
was adjusted to 6.8 using 0.1 M NaOH.  The media were dispensed into 125 mL and 30 
mL serum bottles with aliquots of 100 mL and 23 mL, respectively, and capped.  The 
vials were then autoclaved at 121 °C for 20 min and cooled prior to inoculation with C. 
pasteurianum.  Culture viability and growth were compared to a pure culture, grown in 
parallel using identical techniques, by comparing the time required for a 2 mL subculture 
to reach an optical density (O.D.) of 0.6 at 600 nm.  Cultures were grown in an incubator 
shaker (125 rpm, 28±1 °C) to the end of the log phase of growth (O.D. of 0.6 at 600 nm), 
which typically required approximately 18 hours. 
Fermentation was performed by Z. mobilis strain ZM4 (ATCC 31821).  The 
culture was maintained in sterilized media at a pH of 6 containing (g/L): glucose, 20; 
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yeast, 10; and KH2PO4, 2.  The culture was maintained in an incubator at 28 
o
C for 3-5 
days.  Cultures were collected when the optical density (O.D.) of the cultures reached 1.8 
in 50 mL of media.  This is the start of the stationary phase of bacteria. 
2.2 Immobilization: 
Prior to immobilization, cultures were transferred to new media and incubated at 
28 
o
C until the O.D. reached 0.6 for C. pasteurianum, and 1.8 for Z. mobilis.  A 2% (w/w) 
Na–alginate solution was prepared by dissolving 2 g of Na–alginate powder into 100 mL 
of DiH2O.  The cultures were collected by centrifugation in 10 mL increments and were 
re-suspended in 10 mL Na-alginate solution.  The mixture was then extruded through a 
syringe attached to a 22 G needle at a height of 18 cm into a 6% (w/w) CaCl2 solution 
(Figure 2.1).  Beads were allowed to harden in solution for 15 min.  Beads were rinsed 
with DiH2O three times to remove excess calcium ions.  The average diameter of the 
beads formed was approximately 2 mm.  Figure 2.2 shows the ridged surface of the 
alginate bead, however there was little to no sign of bacteria on the surface of the bead. 
 
Figure 2.1: Graphical representation of the bead formation setup.  A syringe pump is 




Figure 2.2: Scanning electron microscope images of freeze-dried alginate beads. 
Although the beads contained Z .mobilis there were no visible signs of the bacteria on 
the bead surface. 
2.3 F127-dimethacrylate synthesis: 
 F127-dimethacrylate (FDMA) was synthesized using the method described in 
Sosnik et al. [340].  First, 40.1 g of pluronic F127 was poured into an Erlenmeyer flask 
and dried under vacuum at 120 °C for 2 hours.  The polymer was then dissolved in 75 mL 
of dry chloroform and the solution placed in an ice bath to be cooled to 2 °C.  Once 
cooled 3.62 mL of triethylamine (TEA) (26.3 mmol) was added.   In a separate solution, 
2.48 mL (26.3 mmol) of methacryloyl chloride was diluted in 20 mL of chloroform.  The 
solution was then slowly added drop-wise over 2 hours to the cooled mixture, under a dry 
nitrogen flow and magnetic stirring.  After the addition of the methacryloyl chloride, the 
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solution was capped and the reaction was allowed to proceed for 24 hours at room 
temperature.  The solution was then dried under vacuum and resuspended in 100 mL of 
hot toluene.  The hot mixture was then filtered to remove triethylammonium 
hydrochloride salt.  The filtered solution was then added to 400 mL of petroleum ether, 
60 – 80°.  The white product was then filtered under vacuum and washed with several 
portions of petroleum ether, 40 – 60° before being dried under vacuum at room 
temperature. 
2.4 Experimental reactor system: 
The vertical ICR for use with bead and thread immobilization methods were 
constructed out of a tubular column with an inside diameter (ID) of 2.8 cm and a length 
of 31 cm.  The horizontal flow reactors were constructed out of a tubular column with an 
ID of 2.8 cm and a length of 23 cm.  The reactors were placed on the bench top at 
ambient temperature.  The media was fed into the ICR column from a feedstock reservoir 
located beside the column.  The media consisted of (g/L); glucose, 100 and yeast extract, 
10 in DiH2O with a pH of 6 adjusted by the addition of 0.1 M NaOH.  A Thermo 
Scientific FH100M peristaltic pump was used to transfer the media from the reservoir to 
the ICR.  The effluent from the column was collected in a 1 L conical flask that served as 
the product reservoir.  60 mL of beads or threads were formed and placed into the reactor.  
Extra space was taken into account for bead expansion by the fresh media.  The working 
volume of the reactor prior to packing was 100 mL and the column volume after packing 
was 48 mL.  The media for the vertical ICRs was pumped in an upward-flow manner.  
The flow rate of the media was 5 mL/h.  The reactor had a retention time (RT) of 9.6 
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hours.  Aliquots of 0.5 mL were collected at various time intervals and centrifuged for 5 
min at 4 
o
C before further analysis as described below.  Figure 2.3 is a graphical 
representation of the ICR. 
 
Figure 2.3: Graphical representation of the ICR using a peristaltic 
pump to feed media through the reactor. 
2.5 Analytical methods 
The following analytical techniques were used for characterization and analysis.  
ultraviolet-visible spectroscopy (UV-Vis) and High-performance liquid chromatography 
(HPLC) were used to analyze the metabolites and reduction products of the 
microorganisms.  Scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) were used to determine the surface morphology and the size of the 
particulates.  Energy-dispersive X-ray spectroscopy (EDS) was used to determine the 
elemental analysis of the sample.  Inductively coupled plasma optical emission 
spectrometry (ICP-OES) was used to determine the dissolved elemental concentration in 
samples.  X-ray photoelectron spectroscopy (XPS) was used to determine the empirical 
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formula of the samples.  X-ray diffraction (XRD) was used to determine the crystallinity 
of the sample. 
2.5.1 Ultraviolet-visible spectroscopy: 
The growth of the microorganisms was monitored by measuring the O.D. at 600 
nm using a Shimadzu UV-1800 spectrophotometer (Figure 2.4).  An absorbance of 0.1 
was deemed the point at which bacterial growth started within the media, likely due to 
bead rupture and microbe release.   
 
Figure 2.4: UV-1800 spectrophotometer from Shimadzu. 
2.5.2 High-performance liquid chromatograph: 
Samples were analyzed using a Shimadzu LC-20AB HPLC with a RID-10A 
Refractive Index Detector (RID) (Figure 2.5) to determine the concentrations of glucose, 
ethanol, acetate, and formate.  A 5 μM solution of sulfuric acid at 0.6 mL/min was used 




Figure 2.5: Shimadzu LC-20-AB. 
2.5.3 Scanning electron microscopy 
Samples were analyzed using a Hitachi 4700 SEM-EDS (Figure 2.6).  Prior to SEM 
analysis, an aliquot of the particulate was air-dried on a silicon wafer and fixed with 
carbon tape to a sample stub.  Once dried, the samples were then coated with platinum 
using a sputter coater and transferred to the SEM for analysis.  
 
Figure 2.6: Hitachi 4700 scanning electron microscope. 
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2.5.4 Transmission electron microscopy: 
The particulates were analyzed using a JEOL-JEM 2100F analytical TEM (Figure 
2.7).  Prior to TEM analysis, samples were resuspended in ethanol and placed onto 
sample grids to air-dry.   
 
Figure 2.7: JEOL-JEM 2100F analytical transmission electron microscope. 
2.5.5 Inductively coupled plasma optical emission spectrometry: 
Samples were collected, centrifuged for 10 min, and the supernatant solutions 
collected at the end of centrifugation process were analyzed for elemental concentration, 
using a PerkinElmer ICP-OES 8000 (Figure 2.8).  Spectroscopic calibration standards 
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were purchased from SCP Science.  All reported concentration values had a relative 
standard deviation of less than 3%.   
 
Figure 2.8: PerkinElmer ICP-OES 8000. 
2.5.6 Raman spectroscopy: 
A Thermo-Scientific DXR Raman microscope was used to characterize the 
Raman active modes of the surface of samples.  The Raman microscope, shown in Figure 
2.9, was operated with a 532 nm laser at 1 mW.  Samples were collected by 
centrifugation and air dried prior to being ground with a mortar and pestle.  Samples were 
then placed onto a microscope slide and pressed to form an even surface for analysis.  




Figure 2.9: Thermo-Scientific DXR Raman Microscope 
2.5.7 Differential scanning calorimetry: 
The DSC of F-127, FDMA, FDMA/PEO-blend, and PEO were analyzed by a 
Netzsch Jupiter STA 449 F3 (Figure 2.10).  DSC measurements were conducted in a 
nitrogen environment at a heating rate of 20 °C/min in the temperature range between 25 
°C and 500 °C.  Samples with a weight of 15 mg were loaded in Al2O3 crucibles under 
dry conditions. 
 
Figure 2.10: Netzsch Jupiter STA 449 F3 for differential scanning calorimetry and 
thermal gravimetric analysis. 
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2.5.8 X-ray diffraction: 
 XRD was performed using a Rigaku SmartLab (Figure 2.11).  XRD data was 
analyzed using PDXL2 software and compared to JCPDS diffraction patterns. 
 
Figure 2.11: Rigaku SmartLab X-ray diffractometer. 
2.5.9 X-ray photoelectron spectroscopy: 
XPS was conducted using a PHI 5600 with monochromatic Al Kα radiation at an 
accelerating voltage of 14 kV and 300 W.  XPS spectra were collected from an analysis 
area of 1.6 mm
2
.  Samples were transferred from the anaerobic chamber to the vacuum 
chamber of the XPS using a sealed transfer chamber to minimize atmospheric 
contamination.  The spectrometer was calibrated to the Ag 3d5/2 line at 368.3±0.05 eV.  
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Specimen charging was internally calibrated to the adventitious C 1s line at 284.6 eV.  
Ar
+ 
ion sputtering was conducted at a current density of approximately 0.1 mA/cm
2
, 
measured to remove ~7 nm of Ta2O5 per minute, and across an area of 9 mm
2
.   After 
being subjected to Ar
+
 sputtering, specimens were transferred from the ultra-high vacuum 
chamber, with vacuum pressure <5x10
-9
 torr, to a low vacuum chamber, pressure <5x10
-3
 
torr, to controllably deposit minimal quantities of C on the sample surface.  This 
methodology was employed to facilitate sample charge correction using adventitious 
carbon after ion sputtering.  XPS spectra were then curve fit using SDP v4.6 Gaussian 
fitting software.   
 
Figure 2.12: PHI 5600 X-ray photoelectron spectroscopy 
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2.6 Degradation of methyl orange: 
Quantification of the rate of methyl orange (MeO) degradation was done in 
accordance with a procedure previously developed by Johnson et al. [341], in which the 
concentration of MeO and its degradation product (N,N-Dimethyl-benzene-1,4-diamine) 
in the culture were monitored spectrophotometrically at 479 nm and 244 nm respectively, 
at 2 min time intervals.  
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Chapter 3: The biosynthesis of extracellular copper selenide 
nanoparticles 
3.1 Introduction: 
Semiconductor NPs offer unique optical and electrical properties that have greater 
stability than synthetically produced NPs [303].  Most of the biosynthesized NPs that 
have been reported in the literature are metals or metal oxides; however, there are a few 
more complex compounds that had been formed with biosynthetic methods.  Some of the 
compounds that have been formed are CdSe [367], PbS [338], BaTiO3 [368], and 
Hg3(PO4)2 [369].  
Copper selenide (CuSe), a metal chalcogenide, is a p-type semiconductor that 
represents one of the most important types of transition-metal chalcogenides [370].  CuSe 
is a narrow band gap semiconductor and has both an indirect and a direct band gap in the 
range of 1.0−1.4 eV [371].  Due to its unique electronic properties, various methods had 
been investigated to synthesize CuSe.  These methods have formed CuSe in different 
sizes and structures [372-377].  However, these methods used physical or chemical 
means to produce the desired material.  These synthetic methods can also have problems 
with controlling crystal growth and particle aggregation [304].  The purpose of this study 
was to determine the effectiveness of C. pasteurianum in production of CuSe NPs with 
the addition of anthraquinone-2,6-disulfonate (AQDS) as an electron shuttle to assist in 
the reduction of the metal chalcogenide.  This would provide a simple, economical, and 
environmentally friendly method for the production of CuSe NPs. 
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3.2 Methods and materials: 
C. pasteurianum was maintained as described in Chapter 2.  All reagents were of 
analytical grade or better.  All liquid culture experiments were performed in triplicate in 
100 mL media vials.  A commercial standard of CuSe (99.5% purity), which acted as 
control, was procured from Alfa Aesar and was characterized using identical analytical 
techniques for comparison with biosynthesized CuSe. 
3.2.1 Microbial synthesis of CuSe NPs: 
A 5000 ppm (mg/L) Cu solution made by dissolving 0.157 g of Cu(CH3COO)2 in 
10 mL of deaerated DiH2O and a 5000 ppm (mg/L) Se solution made by dissolving 0.109 
g of Na₂SeO₃ in 10 mL of deaerated DiH2O.  Fully grown cultures were supplemented 
with 3 mL of a solution containing 20 mg/mL of AQDS in deaerated DiH2O in order to 
bring the concentration of AQDS to 1.4 mM.  The cultures were then incubated for 10 
min.  Cultures were then supplemented with the Se solution and incubated for 10 min 
before the addition of the Cu solution.  The final concentration of Se was 30 ppm and the 
Cu was 15 ppm.  Cultures were incubated for 5 hours in the incubator shaker.  
Particulates were collected by centrifuging the samples for 5 min.  The supernatant was 
then removed for analysis.  The collected particulates were rinsed with three iterations of 
3 mL of DiH2O and centrifuged for 5 min.  The supernatant was then discarded and the 
particulates were collected for further characterization. 
3.2.2 Characterization:  
SEM-EDS, ICP-OES, Raman, and XPS methodology was conducted as described 
in Chapter 2.  XRD was performed on a Rigaku SmartLab XRD.  Samples were analyzed 
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using a Bragg-Brentano optical configuration across a range of 20-90 ° 2θ with a step 
width of 0.05 ° at a scan rate of 0.5 °/min.  A Rigaku HT 1500 high temperature stage 
that utilizes a furnace was used to conduct XRD measurements at 25 °C, 75 °C, 150 °C, 
225 °C, and 250 °C with a ramp rate of 7 °C/min and held at the set temperature for 10 
min prior to analysis.  Samples were analyzed then annealed at 250 °C for 1 hour in a 
nitrogen purged tube furnace before being reanalyzed by XRD.  XRD data was analyzed 
in PDXL2 software from Rigaku. 
3.2.3 Photoelectrochemical activity of CuSe powders: 
For the electrode preparation, biosynthesized CuSe was collected in an anaerobic 
glovebox through centrifugation for 30 seconds to remove the majority of the bacteria.  
The supernatant was then filtered through a 0.22 μm filter to remove any residual 
bacteria.  The filtered solution was then centrifuged for 10 min to collect the CuSe NPs.  
The collected CuSe NPs were dried in the glovebox prior to being ground with a mortar 
and pestle.  The CuSe powder was then cast onto fluorine-doped tin oxide (FTO) 
conducting glass (~13 ohm/sq.) to form a film.  The FTO glass slides were cleaned by 
sonication in a mixture of acetone, ethanol, and isopropanol (1:1:1 vol.) for 15 min.  The 
CuSe NPs were suspended in ethanol at a mass to volume ratio of 91.2 g/100 mL and 
sonicated for 15 min.  A total volume of 25 μL of suspension was then drop cast onto an 
area of approximately 1.5 cm
2
, (approximately 1.53 mg/cm
2
) and allowed to dry under 
vacuum at 80 °C overnight.  Annealing was carried out in an air atmosphere box furnace 
at 250 °C for one hour, with a ramp rate of 3.75 °C /min.  A UV-Vis spectroscopy 
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(Shimadzu UV-3600) was used to measure the absorbance spectra of the films as a 
function of wavelength using an external 3-detector system with 32 nm slit width. 
The biosynthesized CuSe films on FTO were examined for their 
photoelectrochemical activity.  A custom photoelectrochemical cell was used to test the 
photoelectrochemical activity of CuSe films.  A three-electrode configuration was used 
with CuSe-FTO serving as the working electrode, a Pt mesh as the counter electrode, and 
a saturated calomel electrode (SCE) as the reference electrode.  An EmStat Blue 
potentiostat (PalmSens) was used to record the current and voltage. A 0.1 M Na2SO4 (pH 
= 7.2) electrolyte at room temperature was used.  The electrodes were irradiated with a 
300 W medium pressure Xe lamp solar simulator (6991, Newport-Oriel) equipped with 




3.3 Results and discussion: 




 by C. pasteurianum: 
 To test whether C. pasteurianum is capable of reducing the selenite concentration, 
15 ppm of Se
2+
 was added to C. pasteurianum during its stationary phase.  A 60% 
reduction in the Se concentration was seen in 180 min, ultimately reaching a reduction 
efficiency of 75% in 300 min.  The color of the solution changed from white to red as the 
reduction proceeded.  As elemental selenium is generally red in color, this color change is 
a visual indicator of Se
2+
 reduction [155, 378, 379].  Previous studies on the bioreduction 
of Se
2+
 by Bifidobacterium [155], Bacillus oryziterrae [378], and Pseudomonas putida 
[379] showed the formation of extracellular Se(0) NPs.  Although Cu is toxic to 
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microorganisms, some microorganisms are resistant.  Heavy metal resistant bacteria such 
as Fusarium oxysporum, Morganella morganii, and Bacillus cereus have been shown to 
reduce Cu
2+
 to form NPs [143, 191, 217].  As C. pasteurianum has been shown to possess 
biochemical pathways that efficiently reduce various contaminant metals and 
radionuclides [380], C. pasteurianum has some resistance to heavy metals.  However, C. 
pasteurianum was unable to reduce a significant amount of the 15 ppm Cu
2+
 after 24 
hours of incubation. 
3.3.2 AQDS promoted reduction: 
Quinone compounds are redox active groups that are widely present in soil and 
water [381] as well as in some plants [382].  They can act as electron shuttles to facilitate 
the reduction of extracellular electron shuttle and have been shown to aid in degradation 
of pollutant [179, 383].  AQDS is a well-known electron shuttle for metal-reducing 
bacteria, and has been shown to stimulate metal reduction and decrease the diameter of 
the formed particles [127, 384]. 
When cultures of C. pasteurianum were supplemented with an AQDS solution to 
a final concentration of 2 mM, the culture developed a yellow hue.  After the cultures 
incubated for 10 min, the cultures were then supplemented with 15 ppm Se
2+
.  The 
addition of AQDS to C. pasteurianum cultures stimulated the reduction of Se
2+
, 
achieving 75% reduction of Se
2+
 in 180 min.  These results are supported by previous 
studies on biosynthesized NPs, which showed that the presence of AQDS stimulated the 




With the addition of 2 mM AQDS, C. pasteurianum was able to reduce 65% of 
the Cu
2+
 in 180 min.  The use of AQDS as an electron shuttle stimulated the reduction of 
Cu
2+
, whereas no reduction of Cu
2+
 was noticed in the absence of AQDS.  Ultimately, 
70% of Cu
2+
 was reduced in 300 min for the mediated microbial reduction.  









 decreased by ~90% in 180 min.  The cultures developed a noticeable 
brown color after overnight incubation.  The particles were collected and characterized. 
3.3.3 Morphology and size distribution: 
SEM analysis of the collected samples indicated the presence of nanometer scale 
particulates as shown in Figure 3.1.  The NPs ranged in size from 30 to 100 nm with an 
average of 70 nm.  EDS analysis, performed to determine the elemental composition of 
the NPs, showed the presence of Cu and Se in relatively equal atomic ratio.  DLS 
measurements showed the NPs size distribution to be from 30 to 200 nm with an average 
particle size of 63 nm, was in agreement with the results measured from SEM.  DLS 
revealed ~66% of the particles were within the range of 40-80 nm (Figure 3.2).  The 
dispersity of the particles was found to be 0.161, which indicates that the CuSe particles 











Figure 3.2: DLS size distribution for biosynthesized CuSe NPs showing 
an average particle size of 63 nm. 
 
3.3.4 Chemistry and structure: 
Figure 3.3 displays the Raman spectra of the biosynthesized CuSe before and 
after annealing at 250 °C compared to the commercially-obtained CuSe standard.  The 
CuSe samples and standard all showed a single Raman active mode at 262 cm
-1
, which is 
also shown in literature [375].  No other Raman active modes were observed for any 
sample.  This indicated that the chemistry of the samples was similar and that annealing 




Figure 3.3: Raman spectra of CuSe samples (A) standard, (B) 
biosynthesized CuSe and (C) biosynthesized CuSe (annealed at 250 °C). 
XRD patterns obtained from samples and standard were shown in Figure 3.4.  
XRD analysis of the collected particles did not exhibit a diffraction pattern, but did 
exhibit two broad peaks centered at 27.89 ° and 45.54 ° suggesting an amorphous crystal 
structure.  Further XRD analysis was conducted on the CuSe particles using a high-
temperature stage, annealing the CuSe at 25 °C, 100 °C, and 250 °C.  A clear 
distinguishable effect of the annealing process on the prepared NPs can be seen in Figure 
3.4.  The spectra collected at 250 °C was in accordance with the hexagonal phase 
structure of CuSe (JCPDS Card No. 01-086-1240).  This suggested that the NPs formed 
are amorphous in nature and produce the known crystal structure upon annealing.  The 
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peak at 40 ° was attributed to the (111) plane of Pt, which was from the sample stage that 
was used during the high-temperature measurements.  
 
Figure 3.4: XRD spectra of biosynthesized CuSe NPs at (A) 25 °C, (B) 
100 °C, and (C) 250 °C. 
To complement the SEM, EDS, Raman, and XRD studies, XPS investigations 
were performed.  The Cu 2p and Se 3d XPS spectra obtained from the biosynthesized 
sample after being subjected to 1 min of Ar
+
 sputtering was shown in Figure 3.5.  For 
comparison, XPS spectra of a commercially-obtained standard of CuSe was also included 
in Figure 3.5.  The spectra of the specimen was fitted using peak fitting parameters 
obtained from the control spectrum of CuSe.  A shake-up peak was seen in the Cu 2p 3/2 
orbital, which often occured for Cu
2+
 ions [386, 387].  This shake-up peak was seen in 
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both the biosynthesized and standard Cu 2p spectra.  The Se 3d peak showed the 
presences of the 3d 5/2 and 3/2 peaks with a peak separation of 0.9 eV.  This corresponds 
to Se(-II) [375].  The results showed that the biosynthesized CuSe had the same spectral 
features of the control specimen.  After annealing the biosynthesized sample, it became 
difficult to obtain a clear spectrum of Cu and Se.  This was attributed to the bacterial cells 
that were present in the sample prior to annealing, which could envelop the CuSe NPs, 
surrounding them in carbon.  The fit parameters for both the standard and biosynthesized 
CuSe were given in Table 3.1. 
Table 3.1: XPS peak fitting parameters 
used to fit the Cu 2p spectra of both a 
bacterially reduced sample and a standard 
of CuSe. 
Label BE (eV) FWHM (eV) 
Cu
2+
 5/2 932.1 1.6 
Cu
2+
 shake-up  933.6 1.6 
Se
2-
 5/2 53.9 1.6 
Se
2-





Figure 3.5: XPS spectra of biosynthesized CuSe (A) Cu 2p 3/2 and (B) Se 3d compared 
to the XPS spectra of a standard CuSe (C) Cu 2p 3/2 and (D) Se 3d. 
3.3.5 Photoelectrochemical testing: 
 UV-Vis spectroscopy was utilized for band gap energy measurements. The 
diffuse reflectance data was shown in Figure 3.6.  Both annealed and unannealed samples 
showed absorbance in the visible light region.  In the Tauc plot (Figure 3.6(B)), the 
intersection between the linear fit and the photon energy axis displayed an estimated 
value of the band gap.  The unannealed and annealed samples were fitted for an indirect 
band gap transition material (n = 2).  From the Tauc plot, unannealed samples had an 





These values are similar to those obtained by Wang et al. [388].  The adsorption spectra 
showed increasing adsorption of light from ~ 880 nm to 500 nm.  
 
Figure 3.6: Photo characteristics of CuSe NPs (A) Diffuse-Reflectance absorbance 
spectra of unannealed and annealed CuSe powders on FTO.  (B) The Tauc plots for 
indirect bandgap transitions (n = 2) for (u’) unannealed and (a’) annealed samples were 
used to estimate the band gap of the materials to be 1.43 eV and 1.25 eV, respectively. 
Open circuit potential experiments were carried out under “dark” (ambient 
laboratory lighting) and under “light” (irradiation from the solar simulator) conditions 
(Figure 3.7(A)).  The change in open-circuit photo-voltage (ΔVOCP) was the difference 
between the steady-state voltage of dark and light conditions.  When the electrodes were 
subject to light conditions, the open-circuit potentials were observed to decrease in 
electrode potential or increase in electron energy (i.e., from positive electrode potential to 
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a more negative electrode potential).  For unannealed samples, ΔVOCP = 55 mV and 
annealed samples, ΔVOCP = 27 mV.  Potentiostatic experiments were carried out where 
the anodes were held at -0.3 V (vs. SCE) and subjected to on/off cycles of irradiation 
(Figure 3.7(B)).  The photocurrent (Δip) was determined by the average difference in the 
recorded current when the electrode was under dark and under light conditions.  For 
unannealed CuSe, the photocurrent was approximately 0.80 μA or 0.53 μA/cm
2
 (Figure 
3.7(B-u)).  After annealing, the average photocurrent increased to 2.2 μA or 1.46 μA/cm
2
 
(Figure 3.7(B-a)).  A linear potential sweep (0.2 V to -0.6 V vs. SCE, at 10 mV/s) was 
performed under chopped irradiation on an annealed sample (Figure 3.7(C)).  Both CuSe-
FTO films demonstrated p-type semiconductor characteristics [389].  This was indicated 
by the directional shift in VOCP when irradiated, and the on/off photo-responses of the 
CuSe photoanodes under potentiostatic and potentiodynamic conditions.  More in-depth 
discussion on the photoelectrochemistry of semiconductors can be found elsewhere.  
When a semiconductor was exposed to irradiation with sufficient energy, electrons were 
excited from the valance band to the conduction band.  For p-type semiconductors, the 
electrons move toward the solution interface while the holes migrate to the interior of the 
semiconductor and eventually to the external circuit.  At the solution interface, water was 









 + ½O2) [390-393]. 
Annealing of the CuSe resulted in decreased bandgap.  The increased crystallinity 
from annealing decreased the density of defect sites, increased particle size, and thereby 
decreased the band gap due to quantum confinement.  The reduction in ΔVOCP for 
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annealed samples could be attributed to the reduction in the bandgap, as the VOCP was 
directly proportional to the band gap energy.  The increase in photocurrent for the 
annealed samples was also attributed to increased crystallinity and reduced defect 
density.  The large dark current in the i-V scan (Figure 3.7(C)) may be attributed to a 
non-uniform film and exposure of the bare FTO to the electrolyte. 
 
Figure 3.7: Photoelectrochemical testing of CuSe NPs (A) Open-circuit potential of (u’) 
unannealed and (a’) annealed under dark conditions and (u”) unannealed and (a”) 
annealed under light conditions.  The potentiostatic measurements at -0.3 V (vs. SCE) 
under chopped irradiation (lamp on/off) for (B-u) unannealed and (B-a) annealed CuSe.  
(C) Linear scan (10 mV/s) under chopped irradiation of an annealed CuSe FTO electrode.  





 A simple, environmentally friendly method for the synthesis of CuSe NPs was 
developed through the use of C. pasteurianum.  AQDS, an electron shuttle, aided the 
process.  The method was environmentally friendly and cost-effective, and does not 
involve extreme operating conditions or the use of toxic chemicals.  Amorphous CuSe 
NPs with a size distribution of 30-100 nm were produced at room temperature.  Multiple 
characterization techniques confirmed the formation of CuSe.  These NPs are visible light 
photoactive, exhibit p-type semiconductor photoelectrochemical behavior, and had an 
indirect band gap of 1.43 eV, which could offer a high efficiency of conversion.  
Annealing at 250 °C caused a recrystallization process to occur and could improve the 
photoresponse of the material.  Further studies are required to evaluate the photo-
stability, examine the surface capacitance, and improve the overall performance. This 
material may have application in photoelectrochemical cells (cathodes for dye-sensitized 




Chapter 4: Sustainable Batch Production of Biosynthesized 
Nanoparticles 
4.1 Introduction: 
The biosynthesis of NPs has accrued interest as a relatively simple, sustainable, 
and environmentally friendly method for the production of NPs [120].  Biosynthetic 
processes can make use of plant extracts, bacteria, bacterial extracts, enzymes, and fungi 
in place of dangerous chemicals [120, 141, 394-396].  The production of biosynthesized 
NPs involves the reduction of transition metals such as Pd, Au, and Ag through 
biochemical processes [199, 274, 397, 398].  A wide range of microorganisms are 
capable of producing NPs [123].  For example, Escherichia coli, Bacillus subtilis, and 
Streptococcus thermophiles have been shown to produce extracellular Ag NPs at low 
concentrations [277].  Other microorganisms, such as Geobacter sulfurreducens and 
Clostridium pasteurianum, have shown to produce Pd NPs that are effective catalysts for 
use in bioremediation [121, 127].  Biosynthesized Pd NPs have been shown to enhance 
the rate of chromate reduction [121, 127] as well as the degradation rate of azo dyes 
[341]. Biosynthesized NPs are also superior to NPs produced by alternative methods in 
several ways; as the process is typically conducted at ambient conditions of varying 
temperature and pressure without the use of hazardous or toxic materials and is thus less 
energy intense than chemical methods.  Additionally, biosynthesized NPs have been 
shown to exhibit higher catalytic reactivity and greater specific surface area compared to 
NPs synthesized through chemical methods [125, 126].  However, more research is 
needed in order to improve the production and application of biosynthesized NPs.  It is 
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known that biosynthesis can be a slow process compared to chemical and physical 
methods [343].  Production rates of biosynthesized NPs can be impacted due to toxicity 
levels from the NPs on the microorganisms at increased concentrations [343].  The low 
production rate can be exacerbated further due to the product lost during the collection 
method.  Through the use of immobilization, the microorganisms can be kept isolated 
from the NPs, making the separation of microorganisms and Bio-NPs nonessential.  
Gellan gum has been used as a means of bioremediation of heavy metals [399].  The use 
of immobilization has also been shown to eliminate inhibition caused by high 
concentrations of nutrients and product production [13], which, could reduce the toxicity 
of the NPs.  Alginate is one of the most widely used methods for whole cell entrapment.  
Due to its simplicity and non-toxic character, alginate has been studied extensively at 
varying concentrations, as well as their applications in cross-linking solutions, designs, 
microorganisms, and media [400-404]. It has been shown that 2% alginate had the most 
desirable characteristics for cell immobilization [405] and has been used in studies for the 
effective removal of Cr(VI) [406]. 
This work focuses on the production of NPs through the use of immobilized C. 
pasteurianum in 2% alginate beads.  The use of alginate beads for the immobilization 
process should remove the microorganism from the solution without inhibiting the 
formation of NPs.    
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4.2 Methods and materials: 
C. pasteurianum was maintained as described in Chapter 2.  All media was 
prepared using DiH2O that was boiled for 15 min while being purged with nitrogen gas.  
All reagents were of analytical grade or better.   
4.2.1 Cell immobilization: 
Cell immobilization was performed as described in Chapter 2, however, the 
process was performed in the anaerobic glove box and all solutions were prepared with 
deaerated DiH2O.  Beads made from 1 mL of the bacteria/alginate mixture, were placed 
into new media vials and incubated for 48 hours prior to use in order to maintain 
similarity with the control cultures.  Control cultures typically reach 20 psi within 24 
hours; however, the immobilized cultures typically required 48 hours in order to reach 20 
psi.   
4.2.2 Nanoparticle formation: 
A Pd stock solution of 1000 mg/L was made using deaerated DiH2O.   The Pd
2+
 
solution was added to cultures to achieve an initial concentration of 20 mg/L.  The 
cultures were allowed to incubate for 5 min prior to collection.  The media was 
centrifuged for 10 min to collect the resulting particulates.  The supernatant was then 
removed for analysis and the particulates were collected for characterization.  New media 
was then added to the beads, this marked the start of the next cycle.  The reusability of 
the beads was evaluated by reusing the beads for 3 cycles by adding fresh media allowing 
the beads to incubate for 48 hours.  
62 
 
4.2.3 Analytical methods: 
The growth of C. pasteurianum within the vials was monitored by measuring the 
O.D. using a Shimadzu UV-1800 spectrophotometer.  All O.D. measurements were 
conducted at 600 nm.  The supernatant solution collected at the end of the centrifugation 
process was analyzed on a PerkinElmer ICP-OES 8000 for residual Pd.  A spectroscopic 
calibration standard was purchased from SCP Science.  All reported concentration values 
had a relative standard deviation less than 3%.  Samples of the media from the batch 
reactors were collected at the initial and 48 hour time points per cycle prior to the 
addition of the Pd solution.  The pressures of the reactors were measured prior to sample 
collection.  These samples were analyzed using a Shimadzu LC-20AB HPLC with a RID-
10A Refractive Index Detector (RID) to determine the concentrations of glucose and 
acetate.  A 5 μM solution of sulfuric acid was used as the effluent with a flow rate of 0.6 
mL/min.  An Aminex HPX-87H ion exclusion column from Bio-Rad was used. 
The particulates were analyzed using a JEOL-JEM 2100F analytical transmission 
electron microscope with an Energy-dispersive X-ray spectroscopy (TEM-EDS).  Prior to 
TEM analysis, an aliquot of the Pd particulate was resuspended in ethanol and placed on 
a sample grid to air-dry.   
A Rigaku SmartLab was used to perform XRD.  Samples were analyzed using a 
parallel beam optical configuration across a range 2θ = 30-80° with a step width of 0.1° 
at a scan rate of 0.55°/min.  XRD data was analyzed in PDXL2 software and compared to 
JCPDS diffraction patterns.  The Pd particles were collected through centrifugation and 
the supernatant was removed.  The Pd particles were than resuspended in 1 mL of ethanol 
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and deposited on a glass slide.  The sample was dried in the anaerobic chamber prior to 
analysis.     
4.2.4 MeO degradation: 
Cultures with Pd were inoculated with a 10 mM solution of MeO to reach a final 
concentration of 450 μM of MeO.  The concentration of MeO and its degradation product 
(N,N-Dimethyl-benzene-1,4-diamine) in the culture was monitored 
spectrophotometrically at 479 nm and 244 nm respectively, at 2 min time intervals as 
previously described in Johnson et al.[341]. 
4.3 Results and discussion: 
4.3.1 Bead regeneration: 
 The production of acetate, pressure, and the glucose consumption was measured 
at the start and end of each cycle in order to monitor the viability of the immobilized 
culture.  The reactors were able to consume approximately 61-75% of the glucose while 
producing 0.72-0.81 g/L of acetate throughout the cycles, Figure 4.1(A).  The pressure of 
the reactors reached on average 21 psi after 48 hours of incubation throughout each cycle 
(Figure 4.1(B)).  The first cycle of the reactors consumed the least amount of glucose, but 
was able to produce similar pressure and acetate concentrations as subsequent cycles in 




Figure 4.1: Metabolic activity of C. pasteurianum at the end of each cycle (A) The 
pressure of the immobilized batch reactors at time 48 hours for each cycle.  (B) The 
concentration 
4.3.2 Particle formation: 
 The ability of immobilized C. pasteurianum to produce NPs was tested using Pd
2+
 
ions.  Immobilized cultures supplemented with Pd
2+
 had a 99% Pd reduction, which is 
similar to the controls that had 99.7% removal.  The immobilized beads of C. 
pasteurianum were then transferred to fresh media and allowed to incubate for 48 hours 
before supplementing with the metal ions.  Subsequent cycles of the beads exhibited a 
similar reduction of Pd.  Three cycles were completed for the biosynthesis of Pd.  There 
was no detection of significant cell leakage from the alginate beads during any of the 
cycles according to UV-vis and TEM analyses.  The particles from the cultures 
supplemented with Pd produced by suspended and immobilized C. pasteurianum were 
collected for TEM analysis.  TEM analysis of the collected samples demonstrated the 
presence of 20-50 nm size particulates in the precipitant (Figure 4.2 (A and B)).  EDS 
analysis confirmed the presence of Pd in both samples (Figure 4.2 (A and B)).  The size 
distribution and morphology of the particles collected from the immobilized cultures 
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were comparable to those of the suspended cultures.  XRD analysis of the collected Pd 
NPs exhibited the diffraction pattern of Pd in accordance with JCPDS Card No.01-088-
2335, as shown in Figure 4.2(C).  The particulates produced from the immobilized 
culture were compared to the particulates produced from the suspended culture.  The 
broadening of the peaks are explained in Chidambaram et al. [121].   
 
Figure 4.2: TEM images of NPs with EDS of the particles. (A) Pd NPs 
produced through control culture (B) Pd produced through immobilized 
culture (C) XRD spectra of suspended bacteria formed Pd NPs (- - -) and 
immobilized bacteria formed Pd NPs (
____
). 
4.3.3 MeO degradation: 
Immobilized cultures were supplemented with 10 mg/L Pd to test the catalytic 
activity of the Pd NPs.  10 mg/L Pd was chosen for this analysis, because at higher Pd 
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concentrations, the degradation occurred too rapidly to determine a rate.  Once vials were 
supplemented with 10 mg/L Pd, the vials were allowed to sit for 5 min before 450 μM of 
MeO was introduced.  Samples were collected every 2 min and analyzed by UV-Vis.  
The 450 μM of MeO was degraded below the level of detection within 6 min.  As shown 
in Figure 4.3, control experiments using heat-killed cells of C. pasteurianum BC1 and 
biosynthesized Pd NPs did not degrade MeO to any significant extent.  A culture of C. 
pasteurianum without the addition of 10 ppm Pd was able to reach complete degradation 
of 450 μM MeO in 140 min.  These results are supported by Johnson et al. who showed 
similar results for suspended C. pasteurianum [341].   
 
Figure 4.3: MeO degradation between controls and immobilized cultures 




The results reported in this article demonstrate, for the first time, the bioreduction 
of Pd
2+
 ions by immobilized C. pasteurianum.  Immobilized C. pasteurianum had 
comparable reduction of the Pd
2+
 ions to that of the control cultures and showed similar 
physical and catalytic characteristics to those formed in suspended cultures.  This 
supports the use of immobilization for improving the collection of biosynthesized NPs as 
well as for use of sustainable batch production of NPs.    
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Chapter 5: Biosynthesis of Metallic Molybdenum 
Nanoparticles 
5.1 Introduction: 
Studies have shown that some microorganisms can use organic compounds to 
remove dissolved heavy metals from their environment by forming immobilized 
biosynthesized NPs and structures [342, 343]. The bioreduction of dissolved noble metals 
to metallic NPs has been studied extensively and it is well known that the resulting 
metallic NPs often possess significant catalytic activity. For example, biosynthesized Pd 
NPs have been shown to be efficient catalysts in bioremediation, enhancing the rate of 
chromate reduction [121, 127]. Further, the catalytic nature depends on the 
physicochemical characteristics, which, in turn, depend on the synthesis conditions of 
these NPs [120]. 
The biosynthesis of NPs is a relatively simple and often economical method 
compared to conventional physicochemical production methods [120]. Moreover, 
biosynthesized NPs synthesis is environmentally-friendly because most microorganisms 
exist at ambient conditions of temperature, and pressure. Further, biosynthesized NPs can 
have higher catalytic reactivity and greater specific surface area than NPs synthesized 
through chemical methods [125, 344]. Biological synthesis of NPs has become an 
attractive area of research. While the bioreduction of dissolved active metals has been 
attempted, the complete reduction to a metallic form has not been demonstrated. For 
example, the immobilization of dissolved hexavalent molybdenum via the formation of 
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molybdenum blue (Mo-blue) has been demonstrated using a variety of bacteria [345-
353]. As molybdenum is emerging as a pollutant these studies are aimed at using 
molybdenum-reducing bacteria for bioremediation of contaminated sites such as Nile, 
Egypt [354] and Tokyo bay, Japan [345, 355] which have reported molybdenum 
pollution levels in the hundreds of mg/L. However, despite significant research efforts 
into this technique for reduction of molybdenum ions, the formation of metallic Mo 
through bacterial reduction has not been reported. Metallic molybdenum is widely used 
in alloy, electrode, metal particle toughened ceramic matrix composites, and catalysts 
[356]. Mo NPs have been used with Fe NPs as effective catalysts for the synthesis of 
single-walled carbon nanotubes [357], and they are potential candidates for use in circuits 
[358]. Li et al. showed that nanosized metallic molybdenum had a higher catalytic 
activity to the noble metal catalyst 0.3% Pd/Al2O3 for the selective hydrogenation of 
alkadienes at higher temperature and pressure [356]. However, the catalytic activity of 
Mo NPs has not been explored extensively because it is difficult to form Mo NPs. The 
methods that are used often require expensive precursors, strong acids, and high reaction 
temperatures.  These methods frequently produce Mo NPs that have poor crystallinity 
[359]. Therefore, the development of a synthesis method that is less complex and requires 
less energy for the production of Mo NPs is highly desirable. 
The immobilization of Mo
6+
 via the formation of Mo-blue has been achieved by a 
variety of bacteria [345-349, 351, 353, 360, 361].  However, the formation of metallic 
Mo through bacterial reduction has not been reported despite significant research efforts 
into this Mo immobilization technique.   
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5.2 Methods and materials: 
C. pasteurianum was maintained as described in Chapter 2.  The DiH2O used 
throughout this study was deoxygenated by boiling for 15 min while purging with 
nitrogen gas.  All reagents were of analytical grade or better.  All liquid culture 
experiments were performed in triplicates.  Sodium molybdate dihydrate (99+% purity) 
was purchased through Acros Organics.  A standard of metallic Mo NPs (99.9% purity) 
was procured from US research nanomaterials and were characterized using identical 
analytical techniques for comparison.   
5.2.1 Microbial synthesis and collection of metallic Mo: 
Cultures were injected with aqueous Mo
6+
, using a 5000 ppm Mo stock solution 
made using Na2MoO4 and DiH2O.  Cultures were injected with the Mo solution to 
achieve a final Mo
6+
 concentration of either 10 ppm or 100 ppm.  The 10 ppm samples 
were incubated for 10 min and the 100 ppm samples were incubated for 4-5 hours.  The 
samples were mixed with reagent grade acetone in a 1:1 v/v ratio and centrifuged for 5 
min to collect the resulting particulate.  The supernatant was then removed for analysis.   
The collected particulates were rinsed three times with DiH2O and centrifuged for 5 min.  
The supernatant was then discarded and the particulates were collected separately for 
further characterization.   
5.2.2 Characterization: 
TEM, ICP-OES, and XPS methodology were conducted as described in Chapter 
2.  XRD was performed using a Rigaku SmartLab.  Samples were analyzed using a 
Bragg-Brentano optical configuration across a range of 20-80° 2θ with a step width of 
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0.01° at a scan rate of 1 °/min.  XRD data was analyzed using PDXL2 software and 
compared to JCPDS diffraction patterns.  
X-ray absorption spectroscopy (XAS) data was measured at the K-edge of Mo 
(20000 eV) on beamline X11-A at the National Synchrotron Light Source at Brookhaven 
National Laboratory.  The storage ring runs with a ring current between 150 and 300 mA 
with an energy of 2.5 GeV.  The beam line uses either a Si (111) or Si (311) double 
monochromator that was detuned 10% at 400 eV above the edge energy to minimize 
higher harmonics.  All samples were run in transmission mode and molybdenum metal 
foil was used for the calibration reference.  The samples were run simultaneously with 
the Mo reference foil so that the edge position could be aligned.  Linear combination 
analysis (LCA) of the data was carried out using Athena, a standard XAS data analysis 
code [362, 363]. 
5.2.3 Degradation of MeO: 
Quantification of the rate of MeO degradation was done in accordance with a procedure 
previously developed by Johnson et al. [341] and was described in Chapter 2. 
5.3 Results and discussion: 
5.3.1 Particle formation: 
When aqueous Mo
6+
 was introduced to a culture of C. pasteurianum an 
immediate color change and particle formation occurred.  Within 1 min of supplementing 
the culture with 10 ppm Mo, the culture showed a light grey color.   The color was 
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initially blue when the supplementing concentration was changed to 100 ppm Mo, but 
turned black after incubating at 28 °C for 4-5 hours. 
The supernatant was analyzed on ICP-OES to determine the amount of Mo
6+
 that 
remained in solution after inoculation with C. pasteurianum.  Only 2 ppm of Mo was left 
in solution after the initial 100 ppm Mo was supplemented to the culture and incubated 
for 5 hours.  The sample inoculated with 10 ppm had a 99% removal of soluble Mo ions 
within 5 min.   
5.3.2 Characterization: 
SEM analysis of the Mo samples showed a wide range of particle sizes (Figure 
5.1). TEM analysis was used to obtain more detailed images of the particles. As shown in 
Figure 5.2, TEM analysis of the collected samples demonstrated the presence of 
nanometer-scale particles.  The size distribution of the NPs ranged from 5 to 95 nm with 
an average of about 20 nm.   
 
Figure 5.1: Biosynthesized Mo NPs showing a range 





Figure 5.2: TEM images of molybdenum particles produced through bacterial reduction: 
molybdenum NPs can be seen on the surface of C. pasteurianum. 
  
Dynamic light scattering (DLS) was used to confirm the particle size and 
distribution.  DLS showed a particle size distribution from 2 to 114 nm with an average 
particle size of 15 nm.  This is in agreement with the results measured by TEM.  
Furthermore, DLS revealed ~72% of the particles were within the range of 5-20 nm 
(Figure 5.3).  The dispersity of the particles was found to be 0.308, which indicates that 
the molybdenum particles show moderate uniformity, which is in agreement with above 
results.  
As shown in Figure 5.4, XRD analyses of the particles exhibited the diffraction 
pattern of metallic Mo in agreement with JCPDS 00-042-1120.  The biosynthesized 
sample was compared to the diffraction pattern of a commercially-obtained standard of 
74 
 
metallic Mo NPs.  The diffraction pattern also contained the diffraction characteristics of 
monoclinic MoO2 in accordance with JCPDS 01-073-1249. 
 
Figure 5.3: DLS size distribution for 
biosynthesized molybdenum particles showing 
average particle size of 15 nm. 
 
Figure 5.4: XRD spectra of (A) biosynthesized and 
(B) commercially-procured Mo NPs that acted as a 
control.  Miller lattice of the prominent peaks for 
both metallic molybdenum (#) and MoO2 (*) were 
identified using JCPDS files. 
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XPS analyses corroborated the findings obtained from XRD by demonstrating the 
metallic nature of the biosynthesized sample.  The XPS spectrum obtained from the 
biosynthesized sample after being subjected to 4 min of Ar
+
 sputtering was shown in 
Figure 5.5(A).  An XPS spectrum of the commercially-obtained Mo NPs was included in 
Figure 5.5(B) for comparison.  XPS spectra in Figure 5.5 showed that both particles had 
an oxidized surface over a core comprising of metallic Mo.  The oxidation of the outer 
layers was expected since the NPs are highly reactive.  The spectrum obtained from 
bioreduced sample was fitted using peak fitting parameters obtained from the spectrum of 
commercially obtained metal Mo NPs, and the results showed that the bioreduced 
specimen contained every spectral feature seen in the commercial sample.  The XPS peak 
fitting parameters used to fit the Mo 3d spectra of both bacterially-reduced sample and 
commercial metal Mo NPs are provided in Table 5.1.  A feature attributed to the presence 
of MoC2 was observed in the spectrum of both the bacterially-reduced specimen as well 
as the standard in addition to metallic Mo.  The metallic Mo was exposed to ionizing 
radiation as a result of sputtering and was expected to have reacted with carbon in the 
relatively low vacuum atmosphere of < 5x10
-3 
torr used to deposit adventitious carbon on 
the surface of the sample as shown by Fouad et al. [364].  This procedure was necessary 
to facilitate internally-consistent charge correction using the aforementioned carbon.  
Regardless of their origin, identical features attributed to this effect were present in both 
the bacterially-reduced as well as the commercially obtained Mo NPs.  Features 




 also were observed in the spectrum.  
However, these features are not necessarily representative of the oxide surface of the 
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bacterially-reduced particles due to known reduction reactions that occur as a result of 
Ar
+ 
ion bombardment [365].  
Table 5.1: XPS peak fitting parameters 
used to fit the Mo 3d spectra of both a 
bacterially-reduced sample and a 
standard of metallic Mo NPs. 
Label BE (eV) FWHM (eV) 
Mo (0) 5/2 227.9 0.8 
Mo (0) 3/2 231.1 1 
Mo (V) 5/2 231.1 1.8 
Mo (V) 3/2 234.3 1.9 
MoC2 5/2 228.4 1.6 
MoC2 3/2 231.6 1.6 
Mo (IV) 5/2 229.6 1 





Figure 5.5: Peak-fitted Mo 3d spectrum collected using XPS after 
Ar+ sputtering are provided for (A) bacterially-reduced sample and 
(B) commercially-procured metallic Mo control.  Same features 






Figure 5.6 showed XAS and the linear combination analysis (LCA) fit for the 
bacterially-reduced sample using approximately 24.6% (+/- 0.8) Mo foil, 25.7% (+/- 2.9) 
MoO3 and 49.8% (+/- 1.3) MoO2.  As can be seen in Figure 5.6, the edge was 
reproducible, and most of the peaks were reproduced, although some of the magnitudes 
were above or below those of the sample spectrum.  Some of these differences can be 
attributed to the size and morphology of the NPs. The sample displayed small oscillations 
at energies greater than 100 eV above the edge, because this was a wet sample measured 
in a polyethylene bag, and the signal was attenuated.  The curves for the Mo foil, MoO3, 
and MoO2 were plotted to show their relative contributions, and the LCA fit is the sum of 
these contributions. 
 
Figure 5.6: LCA fit for Mo sample 1 using approximately 
18.9% (+/- 2.2) Mo foil, 43.5 % (+/- 0.9) MoO3, and 37.6% 
(+/- 0.7) MoO2 
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Figure 5.7: FTs of the standards compared to the FT 








A rigorous analysis of the XAS fine structure was not possible because of 
multiple contributions to the peaks from the different constituents.  However, the Fourier 
transforms (FTs) of the standards used in Figure 5.7 showed the relative contributions of 
the Mo oxides and the Mo foil to the bacterially-reduced sample FT, Figure 5.7.  It can be 
seen that the first two Mo foil peaks line up well with two of the sample peaks, Figure 
5.7(A).  The MoO3 standard contributes to the low R and high R peaks, Figure 5.7(B), 
but it does not have any contributions in the correct location for the Mo foil peaks.  The 
MoO2 standard also contributes to the low R and high R peaks, and it also has a small 
contribution in the vicinity of the Mo foil peak, Figure 5.7(C), however, it does not 
account for the all of the magnitudes when compared to the other oxide contributions. 
5.3.3 Dye degradation: 
In order to evaluate if the Mo NPs are catalytic, the use of azo dye, MeO, was 
introduced to evaluate the rate of dye degradation compared to control cultures.  The use 
of 10 mg/L Mo
6+
 was chosen for this analysis because at higher Mo concentrations 
quantification of dye degradation was not possible due to rapid reaction rates.  Once vials 
were supplemented with 10 mg/L Mo
6+
, the vials were allowed to sit for 5 min before 
155 μM of MeO was introduced.  Samples were collected every 2 min and analyzed by 
UV-Vis.  The 155 μM of MeO was degraded below the level of detection within 6 min.  
As shown in Figure 5.8, control experiments using C. pasteurianum BC1 and 
biosynthesized Mo-NPs that were heat-killed did not degrade MeO to any significant 
extent while a culture of C. pasteurianum without the addition of 10 mg/L Mo
6+
 was able 
to reach complete degradation of 155 μM MeO in 34 min.  Cultures of C. pasteurianum 
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supplemented with an equal amount of commercial Mo NPs did not increase the rate of 
MeO degradation compared to the pure culture.  Manivel et al. showed that MoO3 NP 
was an efficient catalyst for azo dye degradation [366].  The catalytic activity of the 
biosynthesized Mo NPs could be due to the thin oxide layer that includes MoO3 which 
was shown to be present by XPS and XAS. Johnson et al.  previously showed that the 
same strain of C. pasteurianum was able to form Pd NPs that enhanced the degradation 
rate of the azo dye, MeO [341].  The Mo NPs degradation rate is compared to the use of 
10 mg/L Pd NPs. The Mo NPs were able to obtain a similar rate of degradation to the Pd 
NPs, as shown in Figure 5.8.   
 
Figure 5.8: Concentration of MeO, determined at various 
time points using UV-visible spectroscopy. At 10 mg/L Mo 
with heat-killed cells of C. pasteurianum BC1, did not 
degrade the dye to any significant extent when compared to 
live C. pasteurianum BC1 culture.  Live C. pasteurianum BC1 
with 10 mg/L Mo showed an enhanced rate of degradation for 
MeO at a rate comparable to Pd NPs.  The addition of 
commercial Mo NP did not enhance the rate of degradation. 
82 
 
 5.4 Summary: 
These results prove the ability of C. pasteurianum ability to reduce high 
concentration of Mo
6+
 to metallic Mo NPs.  ICP-OES analysis confirmed the efficient 
reduction of Mo
6+
 in the solution.  TEM demonstrated that the particulates consisted of 
nanometer-sized particles.  XPS, XAS, and XRD analyses all corroborate the presents of 
crystalline metallic Mo.  It was determined that the biosynthesized Mo NPs were covered 
with an oxide layer and also that the NPs acted as an effective catalyst for the degradation 
of MeO that was comparable to Pd NPs.  Thus, the use of C. pasteurianum was an 




Chapter 6: Effect of dopants on the effectiveness of Na-alginate 
beads in ICRs 
6.1 Introduction: 
The immobilized bead reactor has a long startup period, during which the 
reactor’s efficiency is low and the maximum efficiency is far less than that of the 
traditional batch reactor.   In order to help improve the startup period as well as the 
overall efficiency, the use of water-soluble dopants could facilitate an increase in the 
porosity of the beads.  This would allow for better permeability of the substrate due to an 
increase in the surface area of the bead.  Ružica Jovanović-Malinovska et al. 2010 
showed that a hybrid hydrogel of Polyethylene oxide (PEO) and alginate was a better 
system for immobilization with high mechanical strength and little effect on the 
metabolic functions of the entrapped cells [407].  Mahou et al. showed that the use of 
polyethylene glycol (PEG) doped alginate had no adverse effects on the viability, 
proliferation, and product secretion of the entrapped cells [408].   
This Chapter will focus on the use of water-soluble biocompatible dopants to 
reduce the startup period of the reactor by creating a porous bead structure.  Dopants used 
in this study are PEO and F127-dimethacrylate (FDMA).  The use of PEO and FDMA as 
dopants could increase the porosity of the bead allowing for liquids to permeate, decrease 
the startup period, and increase the overall ethanol production.   
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6.2 Methods and materials: 
Z. mobilis was maintained as described in Chapter 2.  The experimental setup and 
the vertical ICRs used are described in Chapter 2. 
6.2.1 Cell immobilization: 
Preparation for cell immobilization is the same as stated in Chapter 2.  However, 
the 2% (w/w) alginate solutions were prepared by dissolving 2 g of Na-alginate powder 
into 100 mL of DiH2O with the addition of 0.25 g, 0.5 g, and 1 g of PEO to the 2% Na-
alginate solution which would yield (PEO/alginate) 0.25%/2%, 0.5%/2%, and 1%/2% 
respectively.  An additional solution of 1% FDMA and 2% alginate was made.  FDMA 
was synthesized using the method described in Sosnik et al. [340] and is described in 
Chapter 2.  Figure 6.1 showed the reactors in working condition, containing alginate 




Figure 6.1: Vertical bead reactors containing 60 mL of 
alginate beads. 
6.2.2 Assessing the diffusion rate: 
2% alginate beads with and without the 0.25% PEO dopant were formed as 
described in Chapter 2.  Based on results from Figure 6.2, 0.25% PEO dopant was chosen 
to be evaluated.  About 20 beads of each were introduced into a 5 g/L acid orange 7 
solution.  The beads were removed, examined, imaged and returned to the solution in 30 
second increments for 2 min.  Then the beads were returned to the solution and 
maintained for another 3 min, to obtain one final set of images at the end of 5 min. 
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6.3 Results:  
 The immobilized cell reactor was operated using different concentrations of 
dopants to the typically used alginate.  Figure 6.2 showed a comparison between the ICR 
containing beads formed using 2% alginate with and without (control) 1% PEO.  There 
was a noticeable difference in the startup time between the two solutions.  This resulted 
in a higher initial ethanol production of 59.5% for the 1% PEO/2% alginate beads 
compared to the 25.2% yield of the 2% alginate control at 24 hours.  The yield of ethanol 
was calculated as follows:   
                              
                                                
     
The experimental amount of ethanol was measured using HPLC and the 
theoretical amount was calculated using stoichiometry per following equation:  
C6H12O6 → 2 C2H5OH + 2 CO2 
So, a starting feed of 100g/l glucose could lead to a theoretical maximum of 51.1 g/l of 




Figure 6.2: Time course of ethanol yield (%) for ICR containing 1% 
PEO/2% alginate and 2% alginate. 
Both reactors were able to reach a similar production rate for ethanol at 52 hours 
having similar yields of 80.8% and 79.3% for ICR containing 2% Ca-alginate -1% PEO 
beads and 2% Ca-alginate beads, respectively.  The high initial yield of ethanol increased 
when the concentration of PEO was lowered from 1% to 0.25% as can be seen in Figure 
6.3.  The 0.25% PEO solution showed an initial yield of 69.6% at 24 hours.  The use of 
FDMA also demonstrated an increase in the initial yield to 47.5% at 24 hours as seen 
from Figure 6.3.  However, the increase was not as significant as those observed with 
different PEO concentrations.  As seen in Figure 6.3, 1% FDMA, 1% PEO, and 0.25% 
PEO reached similar yields at 91 hours.  The highest ethanol yields were 88.7%, 86.8%, 
85.9% at 91 hours in 1% FDMA, 1% PEO, and 0.25% PEO, respectively.  Thus, the 
addition of water-soluble polymers decreased the lag phase of the beads compared to that 
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of the standard alginate.  Kumar, et al. showed similar yields with the use of tubular 
cellulose/alginate/polylactic acid composite beads in batch reactors with lactose [409].   
 
Figure 6.3: Time course of ethanol yield (%) for ICR containing 1% 
FDMA/2% alginate, 1% PEO /2% alginate, and 0.25% PEO / 2% 
alginate. 
 A reproducibility study was done with the 2% alginate, 1% PEO/2% alginate and 
0.25% PEO/2% alginate beads.  These experiments were performed in triplicate.  Figure 
6.4 showed that the reactors had little deviation between each run and that the doped 
beads had less overall deviation than that of the 2% Ca-alginate.  Bead expansion in all 
reactors was minimal, attributing to a 1-2 mL change to the reactor volume.  The volume 




Figure 6.4: Time course of ethanol yield (%) for ICR containing 2% 
alginate, 1% PEO/2% alginate, and 0.25% PEO/2% alginate beads 
done in triplicate.  Error bars shows the min and max value at each 
time point. 
A longer-term study of 11 days was conducted with the 0.25% PEO doped Ca-
alginate with aliquots collected every 24 hours.   This was done to study to the stability of 
the system with the doped beads.  Figure 6.5 showed that the reactor was stable, and a 
consistant average yield of 91.7% over the 11 day period. 
Figure 6.6 showed the difference between the ethanol yield and the glucose 
concentration.  At 24 hours, the 2% alginate control only had a 25% ethanol yield but 
consumed 78.3% of the glucose.  This could suggest that the majority of the glucose was 
not converted to ethanol but rather used for metabolic regulations.  Lee et al. showed that 
alginate beads that were reused could reduce the time needed for the startup period.  They 
showed that the beads had an increase in porosity and as well as an increase in the 
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population of yeast cells on the surface of the bead [410].  The use of water-soluble 
dopants could increase the initial porosity of the beads, which would allow for the 
increased surface area.    
 
Figure 6.5: Ethanol yield of 0.25% PEO beads over the 
course of 11 days. 
 
Figure 6.6: The comparison of the concentration of glucose 




The use of water-soluble dopants was hypothesized to increase the initial porosity 
of the beads, which would allow for an increased surface area.  To verify this hypothesis, 
a simple experiment was designed to assess the diffusion rate into these beads as 
described in the supplementary information. About 20 undoped and doped beads were 
introduced into an acid orange 7 solution.  The beads were removed, examined, imaged, 
and returned to the solution in 30 second increments.  Figure 6.7 showed that the doped 
beads absorb more dye and were more intense in color in every instance.  This is due to 
the fact that the 0.25 % PEO doped beads are more porous, leading to faster diffusion of 
























Figure 6.7: 20 beads of 2% alginate (Left) and 0.25% PEO (right) was introduced 
to a 5 g/L acid orange 7 solution and were removed in 30 second increments. 
93 
 
 6.4 Summary: 
Short-term continuous ethanol production in an ICR was successfully 
demonstrated using alginate beads doped with PEO/FDMA.  The advantage of water-
soluble dopants was the decrease in startup period without inhibition of the overall 
production of ethanol.  Although this study focused on the short-term analysis, the results 
were promising and warrant further investigation.  The effect of lower concentrations of 
dopants, as well as a combination of dopants, should also be studied as this may further 
decrease the lag phase.  The doped alginate beads may not change the overall production 
rate, but does decrease the initial startup period significantly.  
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Chapter 7: The versatility of doped alginate threads in 
immobilized cell reactors  
7.1 Introduction: 
CFR are known to reduce cost, size, and time, but are not industrially conducted 
due to low production rates [18].  Although the use of immobilization is the optimal 
method for producing a CFR, it is also the reason for the lower yield.  The polymers used 
for immobilization can slow down the diffusion rate of the substrate/product to the 
microorganism, which creates microenvironments.  This limits the metabolic activity of 
the microorganisms, thus slows production and lowers the yield.  To minimize this effect, 
new techniques have been researched to reduce the size of the beads to reduce the 
distance required for the substrate/product to diffuse [109].  One method to reduce the 
size of the immobilization is to form threads instead of beads.  Alginate threads have 
been shown to have higher diffusion rates over that of the typically used beads [411].  
When placed into a column, threads bunch together forming a highly porous matrix.  Due 
to the formation of this porous matrix, threads could be used in both horizontal and 
vertical flow reactors with minimal change in the yield of the reactor.  Horizontal flow 
bioreactors have gained increased interest in the production of various bioprocesses due 
to potential industrial advantages, such as ease of construction, maintenance, and flexible 
inner configuration [412].  Horizontal flow reactors have also been shown to reduce CO2 
build up, which can decrease stability and yield due to reduced reactor volume [413].   As 
discussed in Chapter 6, the addition of a dopant could further increase the diffusion rate, 
which would allow for decreased startup periods. 
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7.2 Methods and materials: 
Z. mobilis was maintained as described in Chapter 2.  The experimental setup and 
the ICRs used are described in Chapter 2. 
7.2.1 Cell immobilization: 
Preparation for cell immobilization was the same as stated in Chapters 2 and 6.  
However, the alginate threads were produced by increasing the dispensing rate of the 
syringe pump and moving the syringe pump parallel to the calcium chloride solution, as 
shown in Figure 7.1.  Thread diameter of 100 spots were measured using a Leica 
DM2700M optical microscope.  Figure 7.2 showed the effect of the flow rate on the 
thread size.  The threads were formed in 10 mL increments and allowed to sit in the 
CaCl2 solution for 10 min.  When all the threads were formed, the threads were placed 
into the reactors. For horizontal flow reactors, the threads were placed into the reactor as 
shown in Figure 7.3. For vertical flow reactors, the threads were packed into the reactor 




Figure 7.1: Graphical representation of the 
thread formation.  A syringe pump was used 
to control the rate of formation. 
 
 
Figure 7.2: Image of 2 different alginate threads formed with different flow 
rates. The larger thread (above) was formed with a flow rate of 15 mL/min and 
the smaller thread (below) was formed with a flow rate of 10 mL/min. The 





Figure 7.3: Horizontal flow reactor with 60 mL of alginate threads. The threads were 
formed in 10 mL increments. 
 
7.3 Results and discussion: 
The production of ethanol was often discussed in terms of yield, which was 
calculated as discussed in Chapter 6.   
7.3.1 Threads versus beads ethanol production: 
The ICR was operated using bacteria immobilized in polymeric threads compared 
to the typically used bead method of immobilization.  The produced threads had a 
diameter ranging from 0.4 to 1.7 mm with an average of 1.09 mm.  Majority of the 
threads (~70%) had a diameter in the range of 0.9 to 1.2 mm (Figure 7.4).  Smaller thread 
sizes would be able to be obtained with increased flow rates and smaller gauge needles.  
Figure 7.5 showed a comparison between the ICR containing beads, threads, and an ICR 




Figure 7.4: Size distribution of a 100 spots with an average of 1.09 
mm diameter. 
 
Figure 7.5: The comparison of the concentration of glucose 
(solid symbols) to the production ethanol (open symbols) in 
vertical reactors. 
Although both methods of immobilization are able to obtain similar ethanol yield, 
the use of threads as an immobilization technique could offer the advantage of increased 
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flow rates for the feedstock.  As shown in Figure 7.5, the threads in the ICR consumed all 
the glucose present, while the beads were unable to fully ferment all the glucose present 
at the given flow rate.  However, the threads resulted in significant cell leakage 
comparable to a free cell reactor, as shown in Figure 7.6.  Although the reactor was stable 
throughout the 8 day time course, cell leakage is known to have stability issues, resulting 
in shorter durations of efficient reactor operation.  This was demonstrated by the free cell 
reactor in Figure 7.5.  Cell leakage was one of the primary challenges, as alginate is 
mechanically fragile, and not suited for long-term immobilization [25, 106].  This is a 
common issue with the use of alginate, including the more generally used bead 
immobilizations methods. 
 
Figure 7.6: The comparison of the concentration of glucose (solid 
symbols) to the optical density (open symbols) in vertical reactors. 
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7.3.2 Vertical versus horizontal reactors 
The alginate beads would often float to the surface of the reactor medium.  In the 
case of horizontal reactors, the beads would be dispersed near the top of the reactor, 
resulting in minimal interaction with the substrate.  Therefore, bead reactors are only 
efficient in vertical reactors, as shown in Figure 7.7.  Although the alginate also causes 
threads to float, the threads displace more volume than the beads, allowing them to 
maintain significant interaction with the media.  Therefore the ICRs with threads should 
be able to obtain similar efficiencies in both a horizontal and vertical reactor.  Figure 7.7 
showed that there is a significant drop in the efficiency of beads between the vertical and 
horizontal reactors.  The bead reactor obtained 91% yield in a vertical reactor, but 
decreased to 74.7% yield when placed into a horizontal reactor.  Alternatively, threads 





Figure 7.7: The comparison of the ethanol yield between threads and 
beads in vertical (solid symbols) and horizontal (open symbols) reactors. 
7.3.3 Doped threads: 
Similar to Chapter 6, the addition of the 0.25% PEO to the alginate solution made 
a significant difference in the lag phase of the reactors.  This addition of PEO to the 
alginate threads also resulted in a higher initial ethanol production of 69.6% for the doped 
threads compared to the 15.5% yield of the 2% alginate control after 24 hours in the 
vertical reactors (Figure 7.8).  Both the doped and 2% alginate threads where able to 
reach similar ethanol yields between days 3-9 with an average of 90% and 89.6%, 
respectively.  This trend was also observed in the horizontal reactors; the 24 hours period 
resulted in 41.2% and 10.5% yield with the doped threads and 2% alginate control, 
respectively (Figure 7.8), but the two reactors reached similar ethanol yields between 
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days 3-9 (87.1% and 85.6%, respectively).  Although the authors previously stated that 
there was no difference in the maximum ethanol production of doped beads, this study 
showed that the doped threads had a slight increase in the average ethanol yield between 
days 3-9.  Doped threads in the horizontal reactors had a higher ethanol yield throughout 
the time course and were able to reach a maximum of 89.8% yield. 
 
Figure 7.8: The comparison of the ethanol yield between threads and 
threads doped with 0.25% PEO in vertical (solid symbols) and horizontal 
(open symbols) reactors. 
7.4 Summary: 
The use of 2% alginate threads as an immobilization technique was successfully 
demonstrated in both horizontal and vertical reactors as well as with the addition of 
0.25% PEO as a dopant.  Although threads had a slower start-up period, compared to 
beads, they were able to obtain similar ethanol yields of 83-89% in all reactors.  Threads 
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in vertical reactors compared to horizontal reactors had a small decrease in efficiency of 
~3%.  Beads had a more significant decrease in efficiency of ~14%.  This is likely due to 
the difference in the flow kinetics of the horizontal reactor as well as decreased 
interaction between the media and the beads.  As previously stated, the addition of 0.25% 
of PEO significantly decreased the startup period of both the vertical and horizontal 
reactors at 24 hours by 449% and 392%, respectively.   The production of threads was 
simpler and faster than the production of beads.  Threads could also be adapted vertically 
or horizontally with little effect on the ethanol production efficiency.  With the addition 
of dopants, the threads had decreased startup times that are comparable to those of beads.  
However, threads had a significant problem with cell retention, which could be caused by 




Chapter 8:  The effectiveness of electrospun threads in ICRs 
8.1 Introduction: 
There have been various techniques designed to improve the production of 
ethanol, including continuous culturing and cell recycling [19].  The use of ICR has been 
shown to hold great promise for the efficient production of bio-ethanol [13-15, 42].  The 
most commonly studied immobilization methods use alginate beads and has been studied 
since Thiele first started his work in 1947 [414].   However, the substrate/product must 
diffuse through the alginate to and from the microorganisms; the diffusion rate is often 
slow and creates microenvironments.  This limits the metabolic activity of the 
microorganisms, which lowers production and yield [27, 415].  To minimize this effect, 
new techniques have been studied to reduce the size of the immobilization as this would 
reduce the distance needed for the substrate/product to diffuse [109].  Although spheres 
offer great surface area-to-volume ratios, the rate of diffusion by the substrate will be 
limited by the radius of the sphere.  Furthermore, decreasing the size of the beads poses 
problems with retention of the beads within the reactor.  One method to reduce the size of 
the immobilized structure is to form threads.  Alginate threads, when compared to beads 
with similar sizes, have been shown to have higher diffusion rates [411].  Further, 
reduction in the size of the threads could minimize the time required for diffusion through 
the polymer as well as polymer/microorganism interaction.   Electrospinning is a 
technique that is being studied for its use in biotechnology as this technique can produce 
nanometer-sized threads that form highly porous mats [416, 417].  Previous work by Liu 
et al. showed that microorganisms could be immobilized in electrospun threads.  The 
105 
 
authors had used PEO blended hydrogel FDMA as the immobilization material [38].  
This work focuses on (I) the use of electrospinning to minimize the amount of polymer 
surrounding the microorganisms and evaluate the effect on the ethanol yield using a 
model organism Saccharomyces cerevisiae and 
2+
 the applicability of electrospun threads 
for use in a continuous ICR. 
8.2 Methods and materials: 
8.2.1 Culture media: 
Fermentation was conducted using dry activated distillers yeast (DADY) 
(Saccharomyces cerevisiae) purchased from Red Star.  The organism was cultured in 
sterilized media containing (g/L) glucose, 50; peptone, 10; yeast extract, 10; MgSO4, 1; 
and K2HPO4, 1 in deionized water (DiH2O).  The culture was maintained in an incubator 
shaker (125 rpm, 28±1°C).  Culture viability and growth was monitored by the optical 
density (O.D.) of the culture at 600 nm. 
8.2.2 FDMA synthesis and FDMA/PEO blend: 
The synthesis of FDMA was performed using the method described in Sosnik et 
al. [340].  As discussed in Liu et al. 2009, FDMA is not optimal for immobilization and 
was blended with PEO to facilitate a porous mat formation during the electrospinning 
process [38].  FDMA/PEO solution was made using 13 wt% FDMA and 3 wt% PEO in 
DiH2O.  For the immobilization of yeast, the culture was transferred to a new media vial 
and incubated at 28 
o
C for 24 hours.  Cultures were collected when the optical density 
(O.D.) reached 2.5 in 50 mL of media.  The cultures were collected by centrifugation in 




Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a 
Thermo Nicolet 6700 FTIR spectrometer to confirm the synthesis of FDMA.  DSC 
analysis of F-127, FDMA, FDMA/PEO-blend, and PEO was described in Chapter 2. 
8.2.4 Electrospinning: 
  The FDMA/PEO solution (with and without yeast) was placed into a 10 mL 
syringe with a 22G needle and attached to a syringe pump (New Era Pump Systems) 
which provided a steady solution flow rate of 20 μL/min.  A high-voltage power supply 
(Gamma High Voltage Research, Ormond Beach, FL) was employed to apply a high 
potential of 12 kV between the 22G needle and the metal target which was horizontally 
placed 18 cm away from the tip of the needle, as shown in Figure 8.1.  The metal target 
was a 9 x 9 cm Al foil.   Electrospinning was conducted for 1 hours and approximately 
0.1 g was collected.  After collection, the threads were cross-linked using the process 
described in Liu et al. and allowed to incubate at 4 
o
C for 12 hours [38]. After incubation, 
the cross-linking solution was removed by washing the sheets with DiH2O.  The sheets 
were then allowed to sit for 10 mins in DiH2O, as shown in Figure 8.2.   Figure 8.2 









Figure 8.2: FDMA polymer sheet that was produced by electrospinning and placed in the 
cross-linking solution overnight at 4 °C. The sheet was then placed in the reactor prior to 
being sealed. 
 
8.2.5 Experimental reactor system and analysis: 
The ICR was built using polyvinyl chloride sheet with a 3.2 cm (height) x 2.4 cm 
(width) x 0.5 cm (depth) with inlet/outlet ports on the top and bottom of the reactor, as 
shown in Figure 8.3.  The volume of the reactor prior to packing was 3.7 mL.  The 
reactors were placed on a bench top at ambient temperature and prefilled with yeast 
media containing 10 g/L yeast extract in DiH2O.  A control reactor was also conducted 
with 1.75 mL of a yeast culture, as this was determined to contain approximately the 
same amount of yeast as the immobilized reactors.  This was determined by the ratio of 
the cell dry weight and polymer weight.  The cell dry weight of 10 mL at 2.5 O.D. was 70 
mg. 
 The media was fed to the ICR column from a feedstock reservoir located beside 
the column.  The feed mediaconsisted of (g/L) glucose, 100; yeast extract, 10 in DiH2O.  
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A Thermo Scientific FH100M peristaltic pump was used to transfer the feed media from 
the reservoir to the ICR.  The effluent from the column was collected in a 1 L conical 
flask which served as the product reservoir.  The feed media was pumped in an upward-
flow manner.  The RT of continuous culture was maintained at 9.8 hours and 24 hours.  
Aliquots of 0.5 mL were collected at various time intervals and centrifuged for 5 min at 4 
o
C for ethanol and glucose analysis as described in Chapter 2.  Experiments between 1 
sheet and 3 sheets of immobilized yeast were conducted in triplicate and averaged.   
 
Figure 8.3: ICR with 3 sheets of FDMA/yeast was 
operated in an upward flow manor. The production 
of bubbles indicated the formation of CO2, which 
was a byproduct of fermentation.  
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8.3 Results and discussion: 
 In order to ensure the proper formation of FDMA, the FDMA was analyzed using 
FTIR for the functional groups and was compared to the unmodified Pluronic F-127.  The 
methacrylate group that was added to the polymer can be determined by the appearance 
of peaks at 1713 and 1635 cm
-1
 (Figure 8.4).  These peaks corresponded to the carbonyl 
vibration of the ester group and to the vinyl double bond, respectively [340].  DSC 
analysis showed that the melting point of pluronic F-127 was 62 °C and the FDMA was 
54 °C, which is comparable to the results shown by Cohn et al. [418].  Also, the melting 
point of the FDMA/PEO blend was between those of pure PEO powder and that of 
FDMA powder, which suggested proper blending of the polymers (Figure 8.5). 
 
Figure 8.4: Infrared spectra of F127 (top spectrum) and 
F127 dimethacrylate (FDMA) (bottom spectrum) showing 
the addition of 2 peaks at 1714 and 1636 cm
-1
, 
corresponding to the addition of the methacrylate group to 




Figure 8.5: DSC analyses of different polymer samples F-127, FDMA, 
FDMA/PEO blend, and PEO. 
Using the FDMA/PEO blended polymer individual yeast cells were encapsulated 
in threads, as shown in Figure 8.6.  The distribution of fiber sizes after electrospinning 
were analyzed using ImageJ image analysis tool, the size distribution was shown in 
Figure 8.6(B).  The size distribution of 200 fibers, at spots not containing yeast, showed 
that 80% of the fibers were between 0.5 and 1 μm in diameter.  As these threads are 
smaller than the yeast cells, this ensured that there was a minimal amount of polymer 
immobilizing the yeast cells.  The cross-linked FDMA sheets were then placed into the 
ICR.   
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Production of ethanol was discussed in terms of yield, which was calculated as discussed 
in Chapter 6.   
                  
 
Figure 8.6: SEM images of yeast immobilized through 
electrospinning FDMA/yeast solution A) 400x 
magnification of dense threads B) Size distribution of the 
diameter of 200 fibers with an average of 0.88 μm. 
Figure 8.7 showed a comparison between the ICR containing 1 sheet and 3 sheets 





reactors with 1 sheet were able to obtain the highest glucose conversion during the time 
course, which reached 38.18 g/L of ethanol in 72 hours.  Since 19.5 g/L of glucose 
remained, a total of 80.5 g/L of glucose were consumed.  Based on this glucose 
consumption, the theoretical amount of ethanol that could be produced was 41.13 g/L.  
Thus, the reactor was able to achieve 92.8% yield.  This was a notable result as most 
strains of yeast are capable of an efficiency of 90-92% in batch reactors [58-60]; 
however, in slow fermenters, DADY has been shown to achieve up to 95% yield [61].  
However, the reactor was not stable, and there was a decrease in ethanol production 
thereafter.  This decrease in ethanol production could be due to the loose packing of the 
reactor, which caused bubble formation to occur.  These bubbles formed around the sheet 
which could have limited the interaction of the yeast and media.  The ICRs with 3 sheets 
required a longer startup period, but showed less variation between reactors and 
continued to have an increased production of ethanol throughout the time course, 
reaching a maximum of 86.7% yield.  Although bubble formation did occur, the bubbles 
were significantly smaller and would often dissipate.  This was likely due to the packing 
of the reactor, which limits the space available.  Neither the 1 sheet nor the 3 sheet 
reactors were able to completely reduce the glucose concentration with the RT of 9.8 
hours, and therefore, a longer RT was needed. 
A study with a longer time course of 14 days and longer RT of 24 hours was 
performed with the ICRs with 3 sheets.  This reactor was then compared to a control 
reactor, which had only 1.75 mL of yeast culture inoculated into the reactor with no other 
additions.  Figure 8.8 shows that the immobilized yeast was able to obtain a maximum 
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ethanol concentration of 46.35 g/L or 94.3% yield, which was close to the 95% ethanol 
yield from DADY as discussed earlier [61].  The control reactor was also able to obtain 
similar yields throughout the time course; however, the ethanol production and glucose 
consumption did not stabilize.  Both the control and the immobilized yeast reactors were 
not able to attain complete glucose reduction.  Similar to the previous experiment, the 
ICR with 3 sheets of immobilized yeast often had bubbles in the reactor.  However, these 
bubbles did not dissipate, which reduce the volume of the reactor.   To compensate for 
this problem, 2 reactors could be operated in series.  This would also allow for a faster 
RT than the 9.8 hours RT that was conducted during this study.   
 
Figure 8.7: The comparison of the concentration of glucose 
(solid symbols) to the production yield of ethanol (open 
symbols) with an RT of 9.6 hours for ICR containing 1 sheet 




Figure 8.8: The comparison of the concentration of glucose 
(solid symbols) to the production yield of ethanol (open 
symbols) with an RT of 24 hours for ICR containing 3 sheets of 
FDMA electrospun threads immobilizing yeast and a control 
reactor inoculated with 1.75 mL of yeast culture. 
 
8.4 Summary: 
Short-term continuous ethanol production in an ICR was successfully 
demonstrated using yeast immobilized in FDMA via electrospinning.  The ICR was able 
to achieve 94% yield and maintained high ethanol yields after a 4-day startup period with 
an average of 90.3% yield and a standard deviation of 3.96.  To reduce the RT of the 
reactors and increase the stability, multiple reactors should be run in series.  Although 
proof of principle, this study focused on the short-term analysis to evaluate the ability of 
electrospun fibers to be used in a continuous flow reactor, the results were promising and 




Chapter 9: Conclusions 
Bioreactors are used in a variety of industries such as food, pharmaceuticals, 
cosmetics, fuels, and waste treatment.  The objective of this dissertation research is to 
evaluate new methods to improve the efficiency of bioreactors used to synthesize 
materials and fuels.  
The production of nanoparticles (NPs) through biosynthesis is a reliable, non-
toxic, and sustainable alternative to conventional chemical and physical methods of 
production.  Herein, we report the biosynthesis of three NPs using Clostridium 
pasteurianum; the p-type semiconductor CuSe, palladium, and molybdenum, an 
electroactive element.  The particles were characterized using SEM, TEM, DLS, Raman 
spectroscopy, XRD, and XPS.  As formed CuSe NPs were found to be amorphous 
particles with an indirect band gap of 1.43 eV.  Upon annealing, CuSe became crystalline 
and exhibited an indirect band gap of 1.25eV.  The Pd NPs were synthesized using C. 
pasteurianum in a suspended culture as well as immobilized in alginate beads.  Pd NPs 
produced from immobilized C. pasteurianum showed increased crystallinity and a 
smaller average particle size.  Pd NPs produced by suspended and immobilized cultures 
were used for azo dye degradation and showed similar degradation rates.  The Mo NPs 
were produced using freely suspended cultures of C. pasteurianum.  The Mo NPs were 
found to be metallic and crystalline.  The NPs were then used in azo dye degradation 
studies and showed comparable degradation rates to that of the Pd NPs.  Both the Pd and 
Mo NPs could be used for bioremediation processes.  
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There are challenges with the immobilization of microorganisms.  Immobilization 
resulted in slower start-up periods and a decrease in the overall productivity of the 
reactor.  To enhance the efficiency, new methods of immobilization that maximize the 
surface area and minimize the effect of diffusion are needed.  Zymomonas mobilis was 
used in continuous flow immobilized cell reactors for the production of ethanol.  The 
addition of 0.25% polyethylene oxide as a water-soluble dopant increased the porosity of 
2% alginate beads.  The doped beads displayed a significant decrease in the startup 
period of the reactors and showed a slight increase in the maximum ethanol yield, 
obtaining 91.7%.  To decrease the immobilization structure size and minimize the effect 
of diffusion, the production of threads was conducted and compared to beads.  The 
diameter of threads were ~1 mm compared to the ~2 mm for beads.  Threads produced 
using 2% alginate and 0.25% PEO doped 2% alginate showed increase stability in 
directional flow (horizontal or vertical) of the reactors.  To further decrease the 
immobilization structure size, electrospinning was used to produce 0.88 µm threads at 
spots where there were no immobilized microorganisms.  However, due to the strain of 
the electrospinning process, Z. mobilis could not be used, so Saccharomyces cerevisiae 
was used instead.  The immobilized cell reactors were able to obtain a maximum ethanol 
yield of 94.3%.  The reactor was able to maintain a high ethanol yield of >90% from day 
4 through day 14.  
Overall, this dissertation provides several methods by which productivity, yield, 




Chapter 10: Future Work 
Future studies on the use of immobilization in ICRs should focus on the following 
areas of interest: 
1. Further evaluation of the catalytic properties of the Mo NPs should be studied. If 
other microorganisms are able to reduce an electroactive element to its metallic 
state, these NPs should also be evaluated for their catalytic activity and compared 
to NPs produced through physical or chemical methods. 
2. As NPs are being studied for use in the medical field, the surface chemistry of the 
NPs could also be evaluated. These biosynthesized NPs could be used for gene 
targeting, drug delivery or diagnostic imaging.  
3. The biosynthesized CuSe NPs could be evaluated for their photocatalytic 
properties. Due to the amorphous nature of the biosynthesized NPs, the CuSe NPs 
could be tested at various stages of crystallinity. 
4. The use of AQDS or other quinones could be further explored for use as an 
electron shuttle to aid the production of other NPs, such as electroactive elements 
or compounds.   
5. As some microorganisms have alternative means for NP production, it is 
important to evaluate the application of the immobilization method for use with 
various microorganisms.  
6. The use of immobilization for biosynthesis should be explored for use as a 
method to allow for the reduction of the high concentration of metal ions.  The 
use of immobilization may provide a means to protect the microorganisms from 
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high concentration of metal ions that may be toxic to the microorganism (i.e. Cu 
and Ag). 
7. Further studies on cycle testing of the production of NPs should be evaluated. 
8. The application of an ICR for the biosynthesis of NPs or for the continuous 
reduction of pollutants, such as Cr
6+
 or azo dyes, should also be evaluated. 
9. Alternative polymers for use in electrospinning as well as the addition of lower 
concentrations of dopants and a combination of dopants should also be studied as 
this may further decrease the lag phase.   
10. Operating multiple reactors with electrospun sheets in series should be evaluated 
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